Investigating the Stability of New Hydrogen Peroxide Based Explosive Formulations by Han, Darryl
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
THE UNIVERSITY OF QUEENSLAND 
 
 
Bachelor of Engineering Thesis 
 
 
 
Investigating the Stability of New Hydrogen Peroxide 
Based Explosive Formulations 
 
 
 
Student Name: Darryl HAN 
 
Course Code: MINE4123 
 
Supervisor: Dr. Italo Onederra 
 
Submission date: 6 November 2017 
 
 
 
A thesis submitted in partial fulfilment of the requirements of the 
Bachelor of Engineering degree in Mining Engineering 
 
 
 
 
 
UQ Engineering 
 
Faculty of Engineering, Architecture and Information Technology
  
i 
ABSTRACT 
 
For over 60 years, ammonium nitrate (AN) based commercial explosives have been the 
cornerstone of large-scale mining operations. While highly effective, the application of these 
products remain unchallenged in spite of having major drawbacks. They may experience 
explosive ground reactivity (also referred to as ‘reactive ground’) with different ground 
conditions, which can lead to spontaneous combustion and premature detonations.  
Furthermore, they may not always detonate efficiently due to various complex and 
uncontrollable factors. This can lead to the generation of nitrogen oxide fumes (NOx) which 
inflict detrimental impacts upon the environment and adverse health effects to workers. 
Mining3 and the School of Mechanical and Mining Engineering at the University of 
Queensland have developed a novel alternative explosive formulation which replaces AN, and 
thus the nitrogen component, with hydrogen peroxide (HP) as the new main oxidiser. This 
completely eliminates any NOx fumes generated after blasting. However, further 
characterisation of the HP-based product is required before this technology can be implemented 
at operating mines. As such, the investigation of the HP-based product stability is critical. 
 
This research project involved a three-stage approach aimed to investigate the reactivity of pure 
HP of 50% w/w (concentration) and a HP-based gel product in contact with different rock types. 
Based on previous work showing the reactivity between HP of 50% w/w and 20 rock samples 
(10 of extremely high reactivity and 10 of extremely low reactivity), a profile of potential 
reactivity trigger mechanisms was defined in this thesis, which consisted of the minerals pyrite 
and orthoclase, and elements iron, sulfur and potassium. This profile was further justified and 
validated through a thermal imaging contact test that evaluated the thermal behaviour and 
reactivity between the pre-crosslinked HP/fuel-based explosive gel product and the same 20 
rock samples. The thermal analysis recorded temperatures up to 91.8°C within a 45-minute 
testing period, in which the highly reactive rocks were composed of common minerals and 
elements defined in the established profile. Ultimately, the results of this research project 
provide a sufficient basis for future characterisation studies concerning the stability of the final 
crosslinked HP/fuel-based gel product that will be used for on-site blasting applications. 
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1.  INTRODUCTION 
 
1.1  BACKGROUND 
Since its development in the mid 1950’s, ANFO (Ammonium Nitrate Fuel Oil), a mixture 
commonly comprised of 94% ammonium nitrate (AN) and 6% fuel oil, has been the cornerstone 
of large-scale mining operations (Schneider, 1997). The use of ANFO saw a dramatic 
improvement in rock breakage efficiencies, enabling the scale of mining efficiencies that are 
achievable today. The safety, cost and handling characteristics of ANFO, as well as the eminent 
blast results due to its high heave characteristics, currently makes it the most common choice 
of commercial bulk explosives used for large-scale blasting operations (Bellairs, 2016).  
 
The crucial limiting factor of ANFO, however, is its non-water resistant properties, as ANFO 
is desensitised in commonly used blasthole diameters with greater than 6 wt% moisture 
(Bellairs, 2016). The inability to use ANFO in water containing blastholes saw the development 
and use of AN variants, including water gels and emulsions. Water gels are very efficient as an 
explosive product, with the ability to produce high heave energy, velocity of detonation (VOD), 
detonation pressure and effective fragmentation (Bellairs, 2016). However, emulsion/ANFO 
blends have widely replaced water gels in large-scale mining operations due to its cheaper 
manufacturing costs and significant cost advantages over water gels in medium to high volume 
blasting applications (Bellairs, 2016).  
 
Regardless of the advantages and applications of different variants to achieve specific results, 
there are drawbacks to the mining industry’s heavy reliance on AN-based explosives, whereby 
different factors and re-occurring issues, such as explosive ground reactivity and the emission 
of nitrogen oxide fumes, introduce risks and compromise the safety of operations and 
employees on-site when implementing these products. 
 
Over the past 30 years, there have been numerous incidents observed worldwide, from 
Collinsville Coal Mine in Australia to Meikle Mine in the USA, where reactions occurred 
between the AN-based explosives and mining grounds containing sulfide minerals (especially 
iron and copper sulfides), referred to as ‘reactive ground’ (Orica, 2016). The autocatalytic 
reaction of AN with rock types containing sulfides can lead to a runaway exothermic 
decomposition after some induction time, even if the initial temperature of the mixture is about 
the ambient temperature of 20°C (Orica, 2016). This can further cause fires, deflagration and 
premature detonations of AN, which impose safety hazards towards workers (Littlefair et al, 
2003).  
  
2 
Theoretical reasons proposed as to the occurrence of these interactions include: 
 
x Physical characteristics and mineral compositions of the sulfides; 
x Presence of carbonaceous minerals and bacteria; 
x Partial weathering; 
x Moisture content; 
x Acidity (pH); and 
x Temperature (Littlefair et al, 2003). 
 
Furthermore, when the explosives formulation is not oxygen-balanced and detonate under ideal 
conditions, the common post detonation products are water (hot steam), nitrogen gas and carbon 
dioxide, which are all non-toxic (Bellairs, 2016). Unfortunately, this is not often the case in 
reality, and as a result, toxic post-blast fumes of carbon monoxide and nitrogen oxide (NOx) 
are produced under ‘non-ideal’ conditions. Nitrogen oxides are generated through a burning 
reaction, and subsequent secondary oxidation of NO to NO2 as the blast fumes mix with the air 
(Onederra & Araos, 2015). Under-fueled (oxygen positive) explosive products favour NOx, 
where excess oxygen will cause nitrogen oxides to form as a result of all the carbon forming 
carbon dioxide and subsequently creating availability for the spare oxygen to produce NOx 
gases (Bellairs, 2016). The NOx fume can be easily identified with its distinct yellow, orange 
to purple coloured post-blast clouds, whereas carbon monoxide is colourless and hence 
unidentifiable. When fume incidences occur, it is often very difficult to determine the exact 
cause/s, due to various complex factors in the operating environment that can induce the fume 
individually, or in combination. 
 
NOx can inflict detrimental impacts upon the environment, contributing to the formation of 
acid rain, inhibition of vegetation growth, generation of fine particles (PM) and ground-level 
ozone (Johnson et al, 2014). There are also rising concerns from workers and nearby mining 
towns of the adverse health effects induced by NOx fumes, which primarily affects respiratory 
conditions by causing inflammation of the airways (Icopal Limited, 2017). Long term and high 
exposure can lead to a decrease in lung function, increase risk of respiratory conditions, fluid 
buildup in lungs, visual impairment and even death (Johnson et al, 2014). It is important to 
perceive that AN-based commercial explosives will generate NOx as a bi-product, either in low 
amounts (even if the explosive product detonates accordingly), or high amounts (as per the 
causes mentioned above) (Onederra & Araos, 2015). 
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In order to challenge the issues concerning NOx fumes, an alternative explosive formulation 
has been developed by Mining3 and the School of Mechanical and Mining Engineering at the 
University of Queensland, which has the potential to eliminate NOx fume emissions. The novel 
explosive formulation essentially replaces AN, and thus the nitrogen in the chemical structure 
of contemporary explosives, with hydrogen peroxide (referred to as HP) as the new main 
oxidiser. Early development of HP/fuel-based explosives commenced with detonation 
characterisation tests conducted by Mining3, which saw results demonstrating and validating 
the capability of these explosive mixtures to fragment and effectively displace the sample rock 
masses (Onederra & Araos, 2015). However, further research work into the HP-based product 
characterisation is required before this technology can be transferred, marketed and 
implemented at operating mines. 
 
1.2  PROJECT AIMS AND OBJECTIVES 
This research project aimed to investigate the stability of a selection of HP-based explosives, 
focusing on the reactions when the products are in contact with different ground conditions. In 
order to achieve this aim, the primary objectives were to conduct the following tasks: 
 
x Review an established experimental program using the HP-based products and ground 
rock samples; 
x Collation and analysis of previously obtained XRD and XRF data from ground rock 
samples selected for contact tests; 
x Conduct simple contact tests to evaluate the reactivity between pure HP and different 
rock types; 
x Conduct contact tests using a thermal camera in order to evaluate the thermal behaviour 
and reactivity between the HP/fuel-based gel product and different rock types; and 
x Establish a profile of potential reactivity trigger mechanisms based on the XRD and 
XRF data, and the results of the different reactivity tests. 
 
1.3  PROJECT SCOPE 
Under the supervision of Dr. Andrew Kettle, research work and characterisation tests on  
HP-based explosives were conducted at Mining3 laboratories, specific to the product stability. 
Essentially, the scope of the project included: 
 
x Literature research/review on the chemical and physical properties of HP-based 
explosives; 
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x Data collection from reactivity tests; and 
x Detailed evaluation of XRD and XRF data, and the reactivity between HP-based 
products and different rock types. 
 
Furthermore, research work into the stability of contemporary explosives was also conducted 
in contrast to the new HP-based products. In doing so, a better understanding of the current key 
issues with reactive grounds and NOx fumes can be comprehended, and comparisons can be 
assessed between the different formulations to identify advantages, disadvantages and gaps 
concerning the stability of the existing and newly developed explosive technologies. 
 
1.4  PROJECT AND TECHNOLOGICAL SIGNIFICANCE 
The significance of this technological innovation is that hydrogen peroxide (H2O2) is composed 
only of hydrogen and oxygen, thus no NO2 will be produced following the detonation reaction, 
deeming it a revolutionary breakthrough progressing towards considerably improved industry 
health, safety and risk control (Onederra & Araos, 2015). Moreover, the replacement of AN 
will also see the possible elimination of the chemical reaction between the AN compound and 
sulfide minerals in mining grounds (although further studies are required), as well as the 
potential risk of AN discharge into groundwater systems for certain mining operations running 
below the water table (Mining3, 2017).  
 
Another major benefit is the ready availability of the HP chemical compound, and its capability 
to be manufactured in bulk quantities through scalable methods using less input energy 
(Onederra & Araos, 2015). This may lead to significant capital cost reduction and future 
improvements in overall community safety, relative to the processes involving the 
manufacturing and transportation of the explosive product. Furthermore, the simplicity of this 
technology will also encourage automated and remote loading of the explosive products, 
reducing product delivery costs.  
 
The investigation of the product stability is critical, as this characteristic can be a bottleneck to 
the commercialisation and implementation of this technology. The results of this research 
project will assist in the evaluation and future validation of the stability and reactivity of HP-
based explosives for different ground and geotechnical conditions, and potentially advance the 
technological readiness of the product.  
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2.  CHARACTERISTICS AND STABILITY OF 
CONVENTIONAL AMMONIUM NITRATE BASED 
EXPLOSIVES 
 
2.1  INTRODUCTION 
For over 60 years, AN-based commercial explosives have been the cornerstone of large-scale 
mining operations. While highly effective, these products may experience issues concerning 
stability, most notably explosive ground reactivity (also referred to as ‘reactive ground’). This 
section highlights the characteristics and stability of conventional AN-based explosives, 
outlining the reactivity chemistry and issues, factors affecting the reactivity, and industry safety 
strategies to control these issues.  
 
2.2  AMMONIUM NITRATE BASED EXPLOSIVE TYPES  
2.2.1 Ammonium Nitrate 
The chemical ammonium nitrate (AN) is a strong oxidiser and forms the most fundamental raw 
material for all contemporary commercial bulk and packaged explosives. AN is a white 
inorganic salt with the chemical formulation NH4NO3. It is classified as an oxidiser containing 
60 wt% oxygen and is the principal oxidising compound in bulk and packaged commercial 
explosives, supplying oxygen to the explosive detonation reaction (Bellairs, 2016). AN is not 
in fact an explosive, but is classified as a Hazardous Material, an oxidising agent under the 
Dangerous Good legislations, and recently as SSAN (Security Sensitive Ammonium Nitrate). 
AN of explosive grade is in the form of low density prilled ammonium nitrate, as seen in  
Figure 1, which is produced from the reaction of ammonia (NH3) and nitric acid (HNO3), with 
one molecule of each combining in a special reactor to create one molecule of ammonium 
nitrate (NH4NO3) (Bellairs, 2016). 
 
 
Figure 1. Porous Prilled Ammonium Nitrate (Sri Amman Chemicals, 2012) 
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Common properties and characteristics of porous, explosive grade AN prills include: 
 
x Bulk density of 0.72-0.78 g/cc; 
x High AN content (> 99 wt%);  
x Diameter of 1.8-2.2 mm; 
x Micro-porosity (10-15 wt%); 
x Minimum porosity of 10 wt%; 
x Low moisture content (< 0.2 wt%); 
x High oil absorbency (> 6 wt%, but commonly 8-14 wt%); 
x Low organic compounds (< 0.15 wt%); 
x Free flowing; 
x Non-caking; and 
x Low friability (Bellairs, 2016). 
 
AN prills should have anti-temperature cycling characteristics, as AN will experience a crystal 
phase change at about 32°C (Bellairs, 2016). Repeated cycling through this temperature will 
lead to the expansion and contraction of the prill, causing the prill structure to breakdown and 
resulting in a loss of strength, occurrence of caking and generation of fines. AN must also be 
stored in dried conditions, due to the hygroscopic and water absorbent characteristics deeming 
it unsuitable for use in damp or wet boreholes without further treatment (Onederra, 2016). 
Moreover, it is vital that this essential raw material is transported, stored and handled 
appropriately under stringent procedures.   
 
2.2.2 Ammonium Nitrate Fuel Oil (ANFO) 
ANFO, as seen in Figure 2, is the most commonly used commercial bulk explosives for large-
scale blasting operations due to its cost effectiveness, manufacturing ease, loading ease in dry 
hole applications, and higher energy yield per tonne in comparison to other bulk explosives 
(Bellairs, 2016). The ideal blend ratio of ANFO consists of 94.3% AN prill and 5.7% diesel 
fuel oil, as this will provide for a perfectly balanced explosive that will release the most energy 
(see Figure 3) whilst generating the lowest post-blast fumes (see Figure 4). However, the most 
common blend ratio for ANFO is 94% AN and 6% fuel oil, as this will still provide near the 
maximum energy whilst allowing for manufacturing ease (Bellairs, 2016). 
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Figure 2. ANFO, Commonly Treated with Pink Dye to Differentiate Product from AN (Dyno Nobel, 2012) 
 
Figure 3. Energy Variation of ANFO with Variable Fuel Content (Onederra, 2016)  
 
Figure 4. Post-Blast Fume Generation of ANFO with Variable Fuel Content (Bellairs, 2016) 
 
From Figures 3 and 4, it is apparent that an over-fuelled blend ratio of ANFO (92:8) will 
generate 6% less energy and increased quantities of CO. Alternatively, an under-fuelled blend 
ratio of ANFO (96:4) will generate 12% less energy and an increase in NOx production 
(Onederra, 2016). 
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Typical physical properties and characteristics of ANFO include: 
 
x Density of 0.72-0.82 g/cc; 
x Primer sensitive; 
x Non-water resistant; 
x Difficult to desensitise or dead press due to porosity and strength inherent to prill 
structure; 
x Good chemical stability; 
x Excellent oxygen balance; 
x Melting temperature point of 170°C; and 
x Highly insensitive to friction, shock, impact, and in normal conditions, can only be 
reliably initiated by a booster or high energy primer cartridge (Bellairs, 2016). 
 
Furthermore, the major advantages and disadvantages of ANFO are highlighted in Table 1. 
 
Table 1. 
Advantages and Disadvantages of ANFO (Bellairs, 2016) 
Advantages of ANFO Disadvantages of ANFO 
Simple technology and application Non-water resistant 
Easy to manufacture Low density 
Low cost effective Lower detonation pressure 
High heave energy, resulting with loose, easy to 
dig muckpiles 
 
 
2.2.3 Water Gels 
Water gels explosives were first developed in the early 1960’s, and is composed of a 
supersaturated solution of AN dissolved at high temperatures of around 90°C (Bellairs, 2016). 
Constituents of contemporary water gels also include a solution of diesel, other solid fuels, 
oxidiser salts and sensitisers (Onederra, 2016). Together, a thickened mixture is created with 
small quantities of gum and a gel produced using a crosslinker. A combination of the gel 
structure and gum are the elements that provide the water resistance, while sensitisation is 
provided by entraining air into the explosive through vigorous mixing at the delivery point, the 
introduction of chemical gassing agents generating air bubbles at the delivery point, or the 
introduction of glass microspheres/micro-balloons (Onederra, 2016). 
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Common physical properties and characteristics of water gels include: 
 
x Appearance of rubbery jelly-like substance containing granule; 
x Density generally ranging from 1.05-1.25 g/cc, with normally targeted range of  
1.10-1.15 g/cc; 
x Low sensitivity, being relatively insensitive to friction, heat and shock; 
x Good water resistance; 
x Desensitsation and dead pressing is experienced due to air sensitisation of product; 
x Chemically stable (for bulk water gels); and 
x Slightly oxygen negative, resulting with low post-blast fume generation (Bellairs, 
2016). 
 
Furthermore, some major advantages of water gels include: 
 
x High VOD; 
x High detonation pressure and fragmentation ability; 
x High heave energy, resulting with loose, easy to dig muckpiles; 
x Lesser impact by hydrostatic pressure in comparison to emulsions; 
x High relative bulk strength (RBS); and 
x Higher relative weight strength (RWS) than emulsion/ANFO blends (Bellairs, 2016).  
 
2.2.4 Emulsions 
Emulsion explosives were first discovered around 1969, and are liquids consisting of a 
continuous fuel phase containing dispersed droplets of oxidiser (Onederra, 2016). The fuel 
phase, which mainly consists of diesel fuel and waxes, is the component resisting water ingress 
that would damage the oxidiser. The oxidiser solution suspended in the fuel phase is mainly 
comprised of a supersaturated solution of AN (sometimes with calcium nitrate or sodium 
nitrate). The fuel phase and oxidisers are blended together to produce various oxidiser solution 
bubbles surrounded by a thin layer of fuel phase, which are locked together with the addition 
of emulsifiers to create an emulsion matrix that can be further mixed with AN prill or ANFO 
to produce blends (Bellairs, 2016). Emulsions are not actually classified as explosives, but are 
considered as pre-cursers that require sensitisation and reduction in density in order to become 
blasting agents or bulk explosives (Onederra, 2016). The product sensitisation is provided by 
the introduction of chemical gassing agents generating air bubbles or the addition of glass 
microspheres/micro-balloons. 
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Typical physical properties and characteristics of water gels include: 
 
x Appearance of pink to honey coloured viscous granular liquid; 
x Density commonly ranging from 1.05-1.25 g/cc, with normally targeted range of  
1.10-1.20 g/cc; 
x Low sensitivity, being relatively insensitive to friction, heat and shock; 
x Good water resistance; 
x Desensitsation and dead pressing is experienced for pumped emulsion blends, due to 
gas sensitisation of product; 
x Chemically stable (for pumped emulsion); and 
x Slightly oxygen negative, resulting with low post-blast fume generation (Bellairs, 
2016). 
 
Furthermore, the major advantages and disadvantages of emulsions are highlighted in Table 2. 
 
Table 2. 
Advantages and Disadvantages of Pumped Emulsions (Bellairs, 2016) 
Advantages of Pumped Emulsions Disadvantages of Pumped Emulsions 
Increased water resistance Lower VOD than water gels 
High pumping rates Lower heave energy and fragmentation ability 
than water gels 
Cost relative to water gels Lower RBS than water gels 
Patterns can be expanded over ANFO Low RWS 
 
2.2.5 Emulsion/ANFO Blends and Heavy ANFO 
The use of emulsion and AN or ANFO mixtures are commonly used in blasting application 
where ANFO is not suitable independently (Onederra, 2016). The addition of ANFO to an 
emulsion product will alter the overall explosive detonation characteristics. Moreover, an 
increase in the ANFO content will result with a decrease in the product VOD, but an increase 
in the heave energy (Onederra, 2016). When the ANFO content in the emulsion/ANFO blend 
is the dominant component exceeding 50% (in ratio), the explosive product is commonly 
referred to as ‘Heavy ANFO’ (Onederra, 2016). 
 
Common physical properties of Heavy ANFO include: 
 
x Common density of 1.0-1.3 gg/c; 
x Poor to good water resistance depending on blend percentages; and 
x Low sensitivity (Bellairs, 2016). 
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Furthermore, the major advantages and disadvantages of Heavy ANFO are highlighted in  
Table 3. 
Table 3. 
Advantages and Disadvantages of Heavy ANFO (Bellairs, 2016) 
Advantages of Pumped Emulsions Disadvantages of Pumped Emulsions 
Increased water resistance over ANFO Higher cost than ANFO 
Higher RBS than ANFO Lower water resistance than pumped product 
Improved fragmentation if ANFO pattern used  
Improved digging and crushing productivity  
 
2.3  EXPLOSIVE GROUND REACTIVITY AND SPONTANEOUS 
COMBUSTION 
The composition of rocks include a variety of minerals with different assemblages and 
proportions, forming a diverse number of rock types in the ground. These minerals are 
chemicals, and the amount of particular minerals contained in the rock type will result with 
potentially unstable grounds that are ready to react when exposed to air (oxygen) or contacted 
with a suitable external chemical (Bellairs, 1999). Incidents of explosive ground reactivity have 
been reported from all over the world, including Australia, North and South America, South 
Africa, South East Asia and China. Two common denominators have been identified from these 
incidents; these are the presence of AN-based explosives and rock types containing sulfides 
(Bellairs, 1999). 
 
Rock types that undergo spontaneous combustion and catch fire naturally only require 
atmospheric oxygen to initiate this reaction. One bi-product of spontaneous combustion is the 
generation of noxious gasses such as sulfur dioxide (SO2), which will require workers to wear 
appropriate respirators in order to prevent the associated health risks (Bellairs, 1999). 
Spontaneous combustion can also lead to excess heating of the rockmass up to 600°C at reaction 
sites with elevated temperatures diffused several metres from each site. Furthermore, a 
blasthole that is drilled in proximity of a reactive zone will have elevated temperatures of 
around 200°C, which can lead to a potential premature detonation of any explosive products 
loaded into the blasthole (Bellairs, 1999). Moreover, premature detonation(s) can also occur in 
grounds that are further away from this reaction but may have exceptionally high temperatures 
in combination with explosive ground reactivity (Bellairs, 1999). 
 
A rockmass will be exposed to atmospheric oxygen when drilled, which can lead to spontaneous 
combustion. However, this reaction is reasonably rare and typically limited to the blasthole 
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collar area or blasthole chips produced from the drilling (Bellairs, 1999). If the composition of 
the drilled rockmass is one with a rock type that will readily react, interaction with an explosive 
will significantly increase the likelihood of this reaction occurring, as explosives comprise of 
oxidisers that want to react and function as a catalyst to the explosive rock reaction (Bellairs, 
1999). Heat will be released as the reaction evolves, and the rockmass and explosive will be 
rapidly heated until the occurrence of a premature detonation. 
 
The initiation of a premature detonation may require a combination of explosive ground 
reactivity and spontaneous combustion (Bellairs, 1999). In such case, the rockmass will be 
heated past the initial temperature by spontaneous combustion, to a temperature at which the 
ground will react with the explosive. The addition of the explosive with the heated rock will 
result with similar interactions as discussed by Rumball (1991) and illustrated in Figure 5. 
 
 
Figure 5. Interaction of Explosive with Heated Rock (Rumball, 1991) 
 
2.4  REACTIVE GROUND AND ELEVATED TEMPERATURE 
The spontaneous exothermic reaction of AN with sulfide-containing rocks, also known as 
‘reactive ground’, is a site-specific condition (AEISG, 2017). Other commonly used nitrates in 
blasting operations also include calcium nitrate and sodium nitrate. Reactive ground is a special 
case of elevated temperature ground (over 55°C), whereby the reaction involves the oxidation 
of sulfide minerals (especially iron and copper sulfides) by nitrates and the release of potential 
high heat amounts (AEISG, 2017). 
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In addition to exposing workers to high temperatures, elevated temperatures will have 
considerable effects on bulk, packaged and initiation explosives products over time, imposing 
risks and hazards including:  
 
x Increased degradation rate; 
x Ignition of vapours associated with emulsion and ANFO; 
x Softening of plastic parts of initiation products; 
x Melting and decomposition of bulk, packaged and initiation products; and 
x Misfire and unplanned detonation following decomposition (AEISG, 2017). 
 
Moreover, hazards associated with reactive ground include: 
 
x Violent, spontaneous decomposition of AN (and other nitrates); 
x Generation of noxious NOx and SOx fumes; 
x Unanticipated premature detonation of explosives (as described in Section 2.2); and 
x Mass detonations: 
o Deflagration to detonation in single holes; and 
o Inter-hole communication via initiation systems (AEISG, 2017). 
 
The four ground conditions to consider when managing reactive ground and elevated 
temperature ground are outlined in Figure 6 below. 
 
 
Figure 6. Reactive and Elevated Ground Conditions (AEISG, 2017) 
 
Various known incidents due to reactive ground and/or elevated temperature over the last 20 
years are highlighted in Table 4. Note that in Table 4, the abbreviations in the ‘Type’ column 
are ‘R’ (reactive ground only), ‘T’ (elevated temperature ground only) and ‘RT’ (reactive and 
elevated temperature ground). 
  
14 
Table 4.  
Known Incidents Due to Reactive Ground and/or Elevated Temperature over Last 20 Years (AEISG, 2017) 
Date Location Type Incident 
2016 Indonesia T Melting of booster 
2014 Indonesia RT Premature detonation 
2014 Chile R Premature detonation 
2014 Canada T Mass detonation 
2014 Queensland, Australia RT Melting of downlines 
2013 Chile R Premature detonation 
2013 NSW, Australia T Premature detonation 
2013 QLD, Australia T Melting of downlines 
2012 Russia R Unknown 
2011 Mongolia RT Premature detonation 
2010 NSW, Australia RT Premature detonation 
2010 South Africa T Mass premature detonation 
2010 NSW, Australia T Smoking holes 
2009 China T Mass premature detonation 
2009 QLD, Australia T Premature detonation 
2009 South Africa T Premature detonation 
2009 Russia R Emanation of NOx fume from blasthole 
immediately after charging  
2008 Mt Gordon R Two hole deflagration 
2007 Donaldson Coal R Spillage fire 
2007 Canada R Premature detonation 
2007 Russia R Premature detonation 
2006 Curragh T Premature detonation 
2006 NSW, Australia T Melted downline 
2006 Mexico R Premature detonation of ANFO 
2005 Black Star RT Premature detonation 
2005 Moura T Melting of primer 
2003 Ernest Henry R Melting of 2 lead lines (in single hole)  
2003 Drayton T Detonating cord caught fire on bench surface 
2002 Collinsville R Melting of primer 
2000 Parkes R Spillage fire 
1998 Century R AN spillage fire 
1998 Ok Tedi RT Drill cuttings caught fire 
1998 Sons of Gwalia R Smoking holes 
1998 Southern Cross R ANFO spillage fire 
1998 Collinsville R Premature detonation of sawdust-loaded hole 
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2.4.1 Reactive Ground Chemistry 
Over the last 30 years, research by groups and individuals such as the US Bureau of Mines 
(USBM) and Rumball (1991) have developed a breakdown of the reaction concerning reactive 
ground. A simplified version of the breakdown can be seen below. 
 
𝐼𝑟𝑜𝑛 𝑆𝑢𝑙𝑓𝑖𝑑𝑒𝑠 + 𝑂𝑥𝑦𝑔𝑒𝑛 + 𝑊𝑎𝑡𝑒𝑟 → 𝐹𝑒𝑟𝑟𝑜𝑢𝑠 𝐼𝑜𝑛𝑠 + 𝑆𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝐴𝑐𝑖𝑑  (1) 
 
𝐴𝑚𝑚𝑜𝑛𝑖𝑢𝑚 𝑁𝑖𝑡𝑟𝑎𝑡𝑒 + 𝐼𝑟𝑜𝑛 𝑆𝑢𝑙𝑓𝑖𝑑𝑒𝑠 + 𝐹𝑒𝑟𝑟𝑜𝑢𝑠 𝐼𝑜𝑛𝑠 + 𝑆𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝐴𝑐𝑖𝑑 → 𝑁𝑖𝑡𝑟𝑖𝑐 𝑂𝑥𝑖𝑑𝑒 +    (2) 
𝐹𝑒𝑟𝑟𝑖𝑐 𝐼𝑜𝑛𝑠 + 𝐻𝑒𝑎𝑡 
 
𝐼𝑟𝑜𝑛 𝑆𝑢𝑙𝑓𝑖𝑑𝑒𝑠 + 𝑁𝑖𝑡𝑟𝑖𝑐 𝑂𝑥𝑖𝑑𝑒 + 𝐹𝑒𝑟𝑟𝑖𝑐 𝐼𝑜𝑛𝑠 → 𝐹𝑒𝑟𝑟𝑜𝑢𝑠 𝐼𝑜𝑛𝑠 + 𝑆𝑢𝑙𝑓𝑢𝑟𝑖𝑐 𝐴𝑐𝑖𝑑  (3) 
 
Although these are exothermic reactions, the induction period for the catalytic species 
concentration to build up to some critical level can result with initial rates that may be so slow 
that minimal or even no temperature can be detected. Once sufficient catalytic species have 
built up, this will result with a drastic increase in the reaction rate and the generated heat causing 
high temperatures such that a potentially violent, rapid decomposition of the remaining AN is 
inevitable (Orica, 2016). 
 
𝐴𝑚𝑚𝑜𝑛𝑖𝑢𝑚 𝑁𝑖𝑡𝑟𝑎𝑡𝑒 + 𝐻𝑒𝑎𝑡 (220°𝐶 𝑜𝑟 𝑙𝑒𝑠𝑠) → 𝐸𝑥𝑝𝑙𝑜𝑠𝑖𝑜𝑛    (4) 
 
2.5  INDICATORS OF EXPLOSIVE GROUND REACTIVITY 
The severe nature and high risks of unexpected premature detonations associated with using 
explosives in reactive and/or elevated temperature ground has led to rigorous monitoring of 
strong and clear indicators (based on historical data) that are assessed to determine the potential 
for explosive ground reactivity. These indicators are as follows: 
 
1. Presence of sulfides (> 1%); 
2. Presence of sediments containing black sulfide; 
3. Mineralised rock containing sulfides; 
4. Rock with green, yellow or white salts, indicating the occurrence of oxidation processes; 
5. Colour (yellow-red brown) of the runoff water, indicating for acidic conditions due to 
the reaction as mentioned above; 
6. Spontaneous reaction (or smoking) of overburden or ore/waste rock in the pit or in dump 
piles; 
7. Acrid smell of sulfur dioxide generated by the natural oxidation of sulfide; 
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8. Occurrence of rock type in the transition zone just below the oxidation line limit, at 
which light coloured bleached rocks end and darker coloured rocks start;  
9. Considerable corrosion of associated fixed equipment, rock bolts and safety meshes; 
10. Grain size of sulfides; 
11. Reactivity of explosive spillages; 
12. Spontaneous combustion of samples during drying process in oven; 
13. Elevated blasthole temperatures; and 
14. Elevated ground temperatures (Bellairs, 1999). 
 
These indicators are mostly clearly and easily observable, although ones such as 1, 2, 3, 8, and 
10 will require geological assessments/analysis. 
 
Explosive ground reactivity does not require the presence of all these indicators. In fact, if an 
operation site has two or more of the mentioned indicators, there is a high potential for explosive 
ground reactivity and the explosive manufacturer and/or supplier will be required to assess the 
situation (Bellairs, 1999). 
 
2.6  FACTORS AND MECHANISMS OF AMMONIUM NITRATE 
DECOMPOSITION 
2.6.1 Factors Affecting Ammonium Nitrate (AN) Decomposition 
Moisture has been identified as a catalyst in coal oxidation (Moxon & Richardson, 1985). The 
oxidative weathering process of pyrite can increase the temperature of sulfide ores, and generate 
ferrous sulfate and sulfuric acid. A self-sustained reaction with ANFO can be initiated with the 
ferrous sulfate at temperatures around 80°C. Studies conducted by Nakamura et al (1994) 
recorded the occurrence of an exothermic reaction when a mixture of AN with pyrite is heated 
at a temperature around 190°C. Factors such as the composition of the mixture, water, additives, 
atmospheric pressure and the particle size of the pyrite had a significant effect on this reaction. 
A reaction between the AN and pyrite mixture was also recorded at relatively low temperatures, 
near room temperature, under high humidity conditions (Nakamura et al, 1994). Moreover, 
pyrite has also been found to increase the decomposition rate of AN by decreasing the activation 
energy (Oxley et al, 1989).  
 
The results of differential scanning calorimetric (DSC) tests have identified for cations such as 
AL3+, Fe3+ and Cr3+ to destabilise AN (Oxley et al, 1992).  The decomposition rate of AN has 
also been found to be enhanced by chlorides (Rozman, 1960) functioning as catalysts (Cl- to 
free radical Cl to Cl-) (Keenan & Dimitriades, 1962). The introduction of chloride will result 
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with a reaction that is thus, catalysed by Cl- ions and will generate increased quantities of 
nitrogen in the gaseous products. These Cl- ions are capable of producing a 100-fold increase 
in the AN decomposition rate (Shah & Roberts, 1985). In certain cases, Cl2 gas can also be 
generated. Free ammonia, bromides and iodides have been found to reduce the effect of chloride 
(Elliott, 1948). The temperature at which the autocatalytic decomposition of ANFO mixtures 
with pyrite is initiated can be decreased with the addition of H2SO4 (at about 5%) (Forshey et 
al, 1976). Chromates have also been identified as a factor of the decomposition AN (Rosser et 
al, 1964). The decomposition rate of AN has also been found to be considerably enhanced by 
carbonaceous and organic minerals (Shah & Roberts, 1985).  
 
Generally, it has been found that increased reaction rate and reduced reaction air temperatures 
are correlated with decreased sulfides particle size (Lukaszewski, 1968). Moreover, iron 
sulfides have been identified to be more reactive than copper sulfides. Studies have also been 
conducted concerning the generation of HNO3 as a result of the AN decomposition, and its 
interaction with hydrocarbons (Oxley et al, 1989). NO2, which is a free radical molecule, has 
been identified as an active agent (Titov, 1963). Other materials presumed to be factors 
affecting the decomposition temperature of AN include CO, CO2, NO, NO2, N2O, NH3, O2 and 
SO2 (Oxley et al, 1990). 
 
2.6.2 Case of Pyritic Black Shale in Hamersley Formation  
Cases of premature detonation of AN-based explosives occurrences at the Mt Whaleback Iron 
Ore deposit in the Hamersley Iron Province of Western Australia (see Figure 7) have been 
studied over many years. The reason for these occurrences have been presumed to be the result 
of sulfuric acid acting as a catalyst in weathered black shale causing the decomposition of AN 
(Littlefair et al, 2003). Spontaneous combustion have also occurred in fractured/fragmented 
pyritic black shale and muckpiles, especially on the bench crests and waste dumps, generating 
high volumes of SO2.  
 
 
Figure 7. Hamersley Iron Province (Bellairs, 1999) 
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Pyrite, AN, carbon, heat and water have been identified as key parts of the reaction process 
between reactive ground and AN at Mt Whaleback (Rumball, 1991). The weathering process 
of the pyritic materials are accelerated by moisture, producing sulfuric acid which will react 
with AN to generate heat, HNO3 and NOx (Littlefair et al, 2003). Low pH, ferrous and ferric 
ions have also been identified as catalysts of the reaction. However, there have been difficulties 
determining the occurrences of spontaneous detonations in low temperature blastholes (25 – 
40°C) by a thermal decomposition mechanism. This may be due to the decreased decomposition 
temperature of AN (about 196°) when contacted with reactive ground rocks (Littlefair et al, 
2003). Alternatively, it may be possible that the oxidation processes in the reactive ground 
reached this critical decomposition temperature.  
 
2.6.3 Mechanisms of Ammonium Nitrate (AN) Decomposition 
At extreme temperatures around 200°C, pure AN will decompose to N2O. Nitric acid is a 
catalyst of the reaction, whilst water and ammonia are inhibitors (Brower et al, 1989). 
 
𝑁𝐻4𝑁𝑂3 ⇌ 𝑁𝐻3 + 𝐻𝑁𝑂3      (5) 
 
2𝐻𝑁𝑂3 ⇌ 𝐻2𝑁𝑂3+ + 𝑁𝑂3−      (6) 
 
 𝐻2𝑁𝑂3+ ⇌ 𝐻2𝑂 + 𝑁𝑂2+      (7) 
 
𝑁𝐻4𝑁𝑂3 ⇌ 𝑁𝐻3 + 𝐻𝑁𝑂3      (8) 
 
The mechanism described above is ionic. 
 
When temperatures exceed 290°C, the following predominant reaction (free radical) will occur 
in the gas phase: 
 
𝑁𝐻4𝑁𝑂3 ⇌ 𝑁𝐻3 + 𝐻𝑁𝑂3        (9) 
 
                                                      𝐻𝑁𝑂3 ⇌ 𝐻𝑂− + 𝑁𝑂2+      (10) 
 
𝐻𝑂− + 𝑁𝐻3 ⇌ 𝐻2𝑂 + 𝑁𝐻2−      (11) 
 
   𝑁𝐻2− + 𝑁𝑂2+ ⇌ 𝑁𝐻2𝑁𝑂2 ⇌ 𝑁2𝑂 + 𝐻2𝑂     (12) 
 
Nitrous oxide is the main gaseous product, whist N2 is a bi-product. The following reactions 
were suggested in order to generate N2: 
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                      𝑁𝐻2 + 𝑁𝑂 ⇌ 𝑁𝐻2𝑁𝑂 ⇌ 𝑁2 + 𝐻2𝑂     (13) 
 
 𝐻𝑁𝑂2 + 𝑁𝐻3 ⇌ 𝑁2 + 2𝐻2𝑂      (14) 
 
During the oxidation of the hydrocarbon in ANFO and emulsions, HNO2, NO and CO2 are 
generated (Littlefair et al, 2003). Again, water and ammonia are inhibitors of the decomposition 
reaction. Alkali and alkaline earth nitrate salts in emulsions are not evident in the decomposition 
reaction process (Littlefair et al, 2003). 
 
In general, it can be assumed that pyrite will not react with AN, unless at high temperatures or 
very specific conditions. Exposure to air and moisture will be required over a period of time in 
order for the pyrite to be oxidised to H2SO4 (Littlefair et al, 2003). The reaction between the 
H2SO4 and AN will generate HNO3, which is reduced to HNO2 by Fe2+ and Fe3+. A rapid 
exothermic reaction will be generated by the combined reaction of HNO3 and HNO2, thus 
forming NO2, which will react with water and generate HNO3 and HNO2 in return (Littlefair et 
al, 2003). Increased temperatures due to the heat generated from the reaction of the mixture 
will lead to potential deflagration or premature detonation. 
 
          𝐹𝑒𝑆2 + 3.5𝑂2 + 𝐻2𝑂 ⇌ 𝐹𝑒𝑆𝑂4 + 𝐻2𝑆𝑂4      (15) 
 
𝐹𝑒2+ + 𝑁𝑂3− + 2𝐻+ ⇌ 𝐹𝑒3+ + 𝑁𝑂2− + 𝐻2𝑂 + 𝐻𝑒𝑎𝑡    (16) 
 
    2𝐻+ + 𝑁𝑂2− ⇌ 𝑁𝑂 + 𝐻2𝑂      (17) 
                             2𝑁𝑂 + 𝑂2 ⇌ 2𝑁𝑂2      (18) 
 
                        2𝑁𝑂2 + 𝐻2𝑂 ⇌ 𝐻𝑁𝑂3 + 𝐻𝑁𝑂2      (19) 
 
2.6.4 Inhibitors of Ammonium Nitrate (AN) Decomposition and Reactivity 
The use of urea, alloxan and potassium oxalate have been found to reduce the reactivity of 
ANFO with pyrite containing rocks (Miron et al, 1979). Urea is complexed with ferrous ions, 
preventing its reaction with ANFO. MgO has been identified as an inhibitor to the reaction 
between AN and pyrite in thermal tests (Miron et al, 1979). Borates and phosphates have been 
found to effectively inhibit the combustion process in sulfide systems (Lukaszewski, 1968). 
Calcium carbonate and thiourea have also been identified as inhibitors of the thermal 
decomposition of emulsions (Sawada et al, 1992). 
 
Urea, ammonia, calcium carbonate, magnesium oxide and zinc oxide have all been found to 
reduce the reactivity between AN or ANFO and pyritic ores (Forshey et al, 1976). Ammonium 
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bicarbonate, sodium sulfate and salts of weak acids (such as oxalate) impede the decomposition 
of AN (Oxley et al, 1990). The decomposition rate of pure AN can also be reduced by mono-
ammonium phosphate, and the nitrates of Ca, Mg and Pb (Bennett, 1972). Urea has also been 
identified as a stabiliser of the reaction between emulsion and pyritic ore, although the thermal 
stability of the emulsion without the addition of pyritic ore was unimproved. 
 
In the case of the pyritic black shale in Hamersley Formation, alkaline additives such as ZnO 
and MgCO3 in AN were identified as inhibitors of the decomposition of AN with the weathered 
black shale, preventing potential premature detonation (Littlefair et al, 2003). Moreover, the 
reaction between explosives and reactive ground was delayed by using a variety of inhibited 
explosives such as inhibited ANFO. Inhibited ANFO is essentially ANFO containing small 
percentages of inhibitors such as urea, limestone or zinc oxide, which can increase the pH of 
the material (Littlefair et al, 2003). 
 
2.7  INDUSTRY SAFETY STRATEGIES 
An operating site that has been identified to have reactive ground conditions will require the 
implementation of appropriate operational procedures and in-pit/on-bench practices in order to 
minimise the severe risks and hazards outlined in the previous sections. Potential strategies to 
handle the events of premature detonations due to explosive ground reactivity and/or 
spontaneous combustion include: 
 
x Load and shoot; 
x Log the temperatures; 
x Introduce stemming; 
x Implement blasthole liners; 
x Use of packaged explosives; 
x Use of inhibited explosives; and 
x A combination of various strategies listed above (Bellairs, 1999). 
 
A breakdown of the current strategy of managing the risk of reactivity at existing sites can be 
seen highlighted in the flowchart in Figure 8. 
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Figure 8. Identification and Analysis of Reactivity Risk at Existing Sites (AEISG, 2017)  
Moreover, a breakdown of the current strategy of managing the risk of reactivity at green field 
sites can be seen highlighted in the flowchart in Figure 9. 
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Figure 9. Identification and Analysis of Reactivity Risk at Green Field Sites (AEISG, 2017) 
 
 
 
  
23 
2.8  CONCLUSIONS 
The heavy use of AN-based commercial explosives in blasting applications worldwide has led 
to many issues and hazards associated with explosive ground reactivity (also referred to as 
‘reactive ground’), including fires, deflagration, spontaneous combustion and premature 
detonations. Literature has shown that the key mechanism of the reactivity issues is the 
decomposition of AN in certain ground conditions, in particular, rock types containing sulfides. 
This has led to the establishment and implementation of rigorous monitoring guidelines, 
management strategies, operational procedures and in-pit/on-bench practices by the industry, 
in order to minimise and manage the severe nature and high risks associated with using  
AN-based explosives in reactive grounds. 
 
With the development of new HP-based explosive products, further and extensive investigation 
on the product stability will be required in order to appropriately identify potential risks and 
reactivity when the products are in contact with different ground and geotechnical conditions. 
In order to do so, product characteristics, such as the following, should be studied: 
 
x Chemical and physical properties; 
x Indicators of reactivity; 
x Factors and mechanisms of reactivity; and 
x Inhibitors of reactivity. 
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3.  EMERGING AMMONIUM NITRATE FREE 
EXPLOSIVES  
 
3.1  INTRODUCTION 
Explosives may not always detonate efficiently due to various complex and uncontrollable 
factors. This can lead to the generation of NOx fumes, which inflict detrimental impacts upon 
the environment and adverse health effects to workers and nearby communities. This section 
outlines the current risk of fumes from AN-based explosives and initiatives to minimise this 
risk, and highlights the characteristics of the HP-based explosive technologies developed in 
aims of eliminating the NOx hazard. 
 
3.2  RISK OF FUMES FROM AMMONIUM NITRATE BASED 
EXPLOSIVES 
ANFO is the most commonly used commercial bulk explosives for large-scale blasting 
operations in the mining industry, as described in Section 2.2.2. The detonation reaction of the 
explosive is shown in Equation 20. 
 
                       3𝑁𝐻4𝑁𝑂3 + 𝐶𝐻2 → 3𝑁2 + 𝐶𝑂2 + 7𝐻2𝑂     (20) 
 
Explosive products are designed by the manufactures to be fuel rich, thus being oxygen negative 
(Henley, 2010) and resulting with a reaction as seen in Equation 21. In this case, the reaction 
generates less nitrogen (Cavanough et al, 2015). 
 
           2𝑁𝐻4𝑁𝑂3 + 𝐶𝐻2 → 2𝑁2 + 𝐶𝑂 + 5𝐻2𝑂     (21) 
 
However, the reaction will become oxygen positive if it is incomplete, thus generating NO. The 
NO is readily oxidised to NO2, thus producing visibly distinct yellow, orange to purple coloured 
post-blast fume clouds, as seen in Figure 10. These reactions are detailed in Equations 22 and 
23, respectively. 
 
                 5𝑁𝐻4𝑁𝑂3 + 𝐶𝐻2 → 4𝑁2 + 2𝑁𝑂 + 𝐶𝑂2 + 7𝐻2𝑂    (22) 
 
2𝑁𝑂 + 𝑂2 → 2𝑁𝑂2      (23) 
 
The NOx fume emitted can impose detrimental impacts to the environment and severe health 
risks to workers and nearby communities, as described in Section 1. 
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Figure 10. Post-Blast NOx Fume Cloud (International Mining, 2014) 
 
3.3  FACTORS INFLUENCING AMMONIUM NITRATE BASED 
EXPLOSIVES FUME GENERATION 
When fume incidences occur, it is often very difficult to determine the exact cause/s, due to 
various complex factors in the operating environment that can induce the fume individually, or 
in combination. Based on laboratory scaled tests results, it has generally been concurred that 
the associated conditions with fume occurrences derive from incomplete detonation of the 
explosive product or fuel deficiencies (Onederra & Araos, 2015). However, from a practical 
perception, this can be due to factors including: 
 
x Explosive product characteristics and selection; 
x Incorrect product formulation; 
x Ground conditions and the reaction of explosive with the rock; 
x Insufficient water resistance and contamination of explosive in the blasthole; 
x Improper priming and poor handling of explosive product on-bench; 
x Excessive sleep time; 
x Lack of confinement; and 
x Inappropriate blast design parameters (Bellairs, 2016). 
 
3.3.1 Fuel Content 
As described in Section 2.2.2, the production of NOx increases with fuel lean product, while 
lower amounts of NOx is generated when there is an excess of fuel, due to a more ideal 
stoichiometric blend of AN and fuel oil. 
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Fuel lean product can be the outcome of the following conditions: 
 
x Incorrect product formulation; 
x Insufficient water resistance; 
x Loss/lack of confinement; 
x Loss of pressure and/or temperature; 
x Product has exceeded the shelf life recommended by manufacturers; 
x Deterioration of product due to leakage of ingredients out of packaging; and 
x Product physical structure breakdown due to other external factors (Cavanough et al, 
2015). 
 
3.3.2 Ground Conditions 
Generally, fume generation is reported to occur in specific areas in mine sites. Thus, it is 
possible that the interaction of the explosive products with certain geological and geotechnical 
conditions can be a factor of incomplete chemical reactions. 
 
During the drilling process whereby water is used, the blasthole can swell in ground strata with 
the presence of clay (Carter, 1988). The increase in pore water suction of clay will result with 
the swelling of the blasthole, thus increasing the local moisture content and static pressure upon 
the in-hole materials. The increased static pressure will have a direct effect on the explosive 
product density, which will generate post-blast fume as a result (Cavanough et al, 2015). 
 
Furthermore, if the explosive product is loaded in weak ground strata with poor and insufficient 
confinement, there is an increased potential for the generation of post-blast fumes (Cavanough 
et al, 2015). The targeted fragmentation is generally achieved when fumes are generated by the 
blast. Moreover, the presence of water and the use of products out of specification in hard 
ground will lead to fume generation in the blast (Cavanough et al, 2015). 
 
Fume generation also tend to occur more when the blast occurs in grounds of highly fractured 
rock types with open joints (Bellairs, 2016). In confinement, the intense heat produced by the 
detonation will enable the CO to take oxygen from the NOx in order to generate CO2, thus 
leaving nitrogen gas and no generation of NOx. However, if these initial explosive gasses can 
flow freely into the open cracks, the gasses will cool rapidly when exiting the blasthole, 
resulting with some remaining quantities of the initially generated NOx fumes (Bellairs, 2016). 
 
If the nature of the rock is exceptionally acidic or basic, this can affect the gassing chemicals 
in emulsions, thus reducing the amount of nitrogen gas generated (Bellairs, 2016). This will 
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result with an increase in the product density, reducing its sensitivity. Moreover, the density 
can potentially be reduced close to the critical density in the explosive column skin area, which 
is the area nearest to the rock (Bellairs, 2016). This will cause the improper detonation of the 
outer explosive skin, leading to the generation of NOx fumes.  
 
3.3.3 Velocity of Detonation (VOD) 
The efficiency of the explosive reaction can be indicated by its corresponding VOD. Generally, 
slower VOD exhibits poor product performance, while faster VOD indicates an ideal chemical 
reaction within the product (Cavanough et al, 2015). It has been supposed that slower VOD 
will enable the vaporisation of fuel upwards the explosive column ahead of the AN (Barnhart, 
2003). The increased time in the chemical reaction will result with the deflagration of fuel lean 
product and increase in NOx emissions, thus demonstrating that slower VOD will generate 
higher amounts of post-blast fumes. Slower VOD can be the result of product inefficiencies, 
poor formulation, loss of confinement, or ground conditions and ground movement due to 
inappropriate blast design (Cavanough et al, 2015). 
 
3.3.4 Confinement 
The VOD of an explosive can be influenced by confinement; in such way that increased 
confinement will result with increased VOD (Cavanough et al, 2015). As discussed in Section 
3.2.3, the faster the VOD, the lower amount of fume is generated. However, measurements and 
results would be site-specific, due to confinement being dependent on the ground strata of the 
specific blast design (Cavanough et al, 2015). 
 
3.3.5 Sleep Time 
If the explosive product is left to ‘sleep’ in the blasthole for an extended period of time, the fuel 
oil can potentially be lost to the hole wall by wicking (Sapko et al, 2002). Moreover, in water-
affected areas, water ingress will rob both the explosive fuel and oxidiser, thus forming a fuel 
rich and/or fuel lean product (Bellairs, 2016). As discussed in Section 3.2.1, fuel lean product 
will increase the production of NOx fumes.  
 
3.3.6 Priming and Hose Handling 
Incomplete reaction of the explosive product can be the result of improper priming and 
inappropriate hose handling, which can cause the product to be incorrectly consumed by the 
detonation and/or deflagration, leading to the generation of NOx fumes (Bellairs, 2016).  
 
Fume generation may occur if the explosive is incorrectly initiated, due to the following factors 
concerning the primer: 
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x Primer is located in contaminated explosive product; 
x Primer is not pulled up into good pumped bulk product; 
x Size of primer used is too small; or 
x Use of incorrect primer type (Bellairs, 2016). 
 
Furthermore, incorrect hose handling can lead to the entrapment of water inside the explosive 
column, leading to the generation of fume, poor blasting results and even misfires (Bellairs, 
2016).  
 
3.3.7 In-hole Density 
The density and pressure of an explosive product will have a significant effect on the product 
chemical reaction and initiation ability (Barnhart, 2004). In-hole measurements of the explosive 
density can assist with the following: 
 
x Verification of whether explosive product is within specification; 
x Optimisation of blast design, regarding the expansion of the blast pattern; 
x Decking and placement of boosters; 
x Prevention of poor fragmentation; 
x Explosive product monitoring during sleep time; and 
x Assessment of fume risks (Cavanough et al, 2015). 
 
3.3.8 Emulsion Composition and Physical Characteristics 
The water resistance of emulsions can be determined through density and viscosity 
measurements. When loaded in water-affected areas, the excessive water content can lead to a 
reduction in the AN content, further reducing the energy and increasing the risk of poor 
fragmentation and fume generation (Cavanough et al, 2015).  
 
3.3.9 Emulsion/ANFO Blends 
Based on research conducted on the occurrence of fume generation with emulsion/ANFO 
blends, it was found that these blends generate higher amount of NOx fumes in comparison to 
straight emulsion (Cavanough et al, 2015). The suggested hypothetical reason to this is due to 
the reaction rate difference between the AN prill and emulsion, resulting in confinement losses 
and thus lower reaction temperatures and the reaction as described in Equations 22 and 23 
(Cavanough et al, 2015). 
 
 
  
29 
3.4  INITIATIVES TO MINIMISE RISK OF FUMES 
3.4.1 Current Industry Initiatives 
Mining companies, explosive manufacturers and suppliers, and government regulators have 
collaborated to manage and tackle the issues of post-blast fumes by establishing and employing 
procedures, guidelines and code of practices, as shown in Figure 11. 
 
 
 
Figure 11. Current Industry Initiatives to Minimise Risk of Fumes (Onederra & Araos, 2015) 
 
Furthermore, the current industry approach of managing the risk of fumes includes the 
following mine site safety management system: 
 
x Prevention by comprehending key mechanisms/causes; 
x Management of event, such as establishing blast exclusion zones and fume management 
zones; and 
x Emergency procedures to treat exposure (Onederra, 2017). 
 
Moreover, administrative controls have also assisted in the minimisation of the fume risks; 
however, these risks and the associated hazards are not completely eliminated. 
 
3.4.2 Eliminating the Hazard 
A novel, alternative explosive formulation that replaces AN with hydrogen peroxide (HP, 
H2O2) as the main oxidising agent has been developed by Mining3 as part of an ACARP project 
(Australian Coal Association Research Program). The development of the HP-based explosives 
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aims to see the complete elimination of the risks of fumes and the associated hazards, as shown 
in Figure 12. 
 
 
Figure 12. Elimination of Fume Risks and Hazards (Onederra & Araos, 2015)  
3.5  HYDROGEN PEROXIDE BASED EXPLOSIVES TECHNOLOGY 
3.5.1 Early Development of Hydrogen Peroxide Based Explosives 
Hydrogen peroxide (HP, H2O2, oxygenated water) is a powerful oxidant that is largely produced 
and widely available around the world (Araos & Onederra, 2015). Common uses of HP include 
in detergents, propellants, synthesis and paper milling. HP can also be used as an explosive due 
to its oxidising nature/behaviour (Araos & Onederra, 2015). The early works of Shanley et al 
(1947) provided the first evidence of the detonating capabilities of HP and fuel mixtures. The 
results of this work demonstrated that different ratios of HP/glycerol/water mixtures were able 
to detonate, as seen in the ternary diagram in Figure 13. 
 
 
Figure 13. Ternary Diagram of Oxygenated Water (OW, HP)/Glycerol /Water Mixtures Detonation Range 
(Araos & Onederra, 2015) 
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The area highlighted in green represents the detonation zone of HP/glycerol/water mixtures. 
The red line represents the stoichiometric ratio for HP/glycerol mixtures, at which the oxygen 
balance is equivalent to zero. The works of Shanley et al (1947) demonstrated detonation of the 
mixtures when loaded in strongly confined tubes, although no data regarding the VOD was 
made available. Further work into the detonation characteristics of HP explosive technology 
was conducted from the 1960s to 1990s, with the use of high HP concentrations (> 60% w/w). 
However, none of these work considered the use of lower HP concentrations (< 50% w/w) to 
develop any explosive types (Onederra et al, 2017). A critical finding in the development of 
HP-based explosives was that high concentrations of HP in bulk applications could not be used 
due to its highly sensitive nature to initiation (Onederra et al, 2017).  Moreover, under transport 
regulations, HP with concentrations of over 70% w/w is considered to be an explosive. 
 
Mining3 and the School of Mechanical and Mining Engineering at the University of 
Queensland have developed HP/fuel-based explosives with lower HP concentrations that have 
received void sensitisation to equal the sensitivity level of conventional AN-based explosive 
products (Onederra et al, 2017).  A breakdown of the formulation of the HP/fuel-based 
explosive product in the first development stage is outlined in Table 5. 
 
Table 5. 
HP/Fuel-based Explosive Product Formulation in First Development Stage (Onederra et al, 2017) 
Chemical Percentage (% w/w) 
Oxidiser 
HP (100% w/w) 41.5 – 43.5 
Water 41.5 – 43.5 
Fuel phase 
Sustainable fuel 12.7 – 14.7 
Cross link 1.5 – 2.0 
Additive 0.2 – 0.3 
 
In contemporary AN-based explosives, void sensitisation techniques, as described in Section 
2.1 are used in order to sensitise the explosive products at the delivery point when loaded in the 
blasthole. The development stages of the HP/fuel-based explosives used both physical (air 
entrainment) and chemical (in-situ gas bubble generation) sensitisation techniques (Onederra 
et al, 2017). The sensitising material and common density ranges used in the HP/fuel-based 
product are outlined in Table 6. 
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Table 6. 
Void Sensitisation of HP/Fuel-based Explosives (Onederra et al, 2017) 
Void Sensitising Material 
Density Range 
(g/ml) 
Description of Process 
Chemical Gassing 0.60 – 1.05 Chemicals mixed to create in-situ gas bubbles 
Expanded polystyrene (EPS) 0.30 – 0.9 EPS mechanically mixed with blasting agent 
Glass micro-balloons (GMB) 0.9 – 1.08 GMB mechanically mixed with blasting agent 
Tyre crumb rubber (TCR) 0.7 – 0.85 TCR mechanically mixed with blasting agent 
 
3.5.2 Development of Hydrogen Peroxide Based Explosive Hybrids 
The second development stage of the HP-based explosives technology incorporated the use of 
AN in the HP/fuel-based products (Onederra et al, 2017). Although the use of AN would defeat 
the aim to eliminate NOx free explosives, it was important to consider the long term contracts 
that several mines have with AN-based explosive suppliers, and the unrealistic immediate 
transition from AN to HP technologies. The use of AN in the HP/fuel-based explosive will also 
potentially increase the product density, resulting with improved operational loading of the 
product in blastholes (Onederra et al, 2017). However, because there is only a minor portion of 
AN in the explosive, there will still be lower emissions of NOx fumes. 
 
Furthermore, the use of other nitrates such as calcium ammonium nitrate (referred as CAN) and 
sodium nitrate (SN) were also incorporated into the HP/fuel-based explosive formulation in 
order to understand the effects on the product detonation properties, and also increasing the 
initial product density (Onederra et al, 2017). Each of the different nitrates have different 
solubility, hence the variability of the dissolvable amount of nitrate in a solution with 50% w/w 
HP. By confirming for detonation and designing the hybrid formulation to dissolve the 
maximum amount of nitrates (by weight) at 20°C, preparation and detonation of any 
formulations comprising of nitrates from 0% to the solubilised amount at 20°C could be 
achieved (Onederra et al, 2017).  Furthermore, only the chemical gassing void sensitisation 
technique was applied to these product samples.  
 
The product samples developed in the second development stage were referred to as ‘HP 
hybrids’ (Onederra et al, 2017), and the physical structure of these samples are shown in Figures 
14 and 15. Figure 14 displays the gel samples, while Figure 15 shows the blend of gel with 
nitrate prill samples. From these figures, it is apparent that a crosslink is presented by the gel 
and prill. 
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Figure 14. HP Gel Hybrid (Onederra et al, 2017) 
 
Figure 15. HP Blend of Gel with Nitrate Prills Hybrid (Onederra et al, 2017) 
3.6  SUMMARY OF DEVELOPED HYDROGEN PEROXIDE BASED 
EXPLOSIVES TECHNOLOGY 
From the first and second development stages, five HP-based explosives technologies were 
developed and characterised. A summary of these explosives technology is outlined in Table 7. 
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Table 7. 
Summary of HP-Based Explosives Technologies Developed (Onederra et al, 2017) 
Technologies Developed Technologies Description 
Technology 1 A pumpable, water gel product created from HP as the oxidiser. 
Product can be manufactured at ambient temperature and comprises 
of no solids (prills), although these can be added. 
Technology 2 a. A pumpable, water gel product created from HP and CAN as the 
oxidiser, and comprises of no solids (prills). This product can be 
used as a bulk explosive; 
b. A blend made with pumpable, water gel product created from HP 
and CN as the oxidiser. CAN prills can then be added in a gel 
ratio of 45% gel, 45% CAN prills. This product can be augured 
and be compared against 50:50 emulsion/ANFO blends; and 
c. Products (a) and (b) can both be manufactured at ambient 
temperature. 
Technology 3 a. A pumpable, water gel product created from HP and CAN as the 
oxidiser, and comprises of no solids (prills). This product can be 
used as a bulk explosive; 
b. A blend made with pumpable, water gel product created from HP 
and SN as the oxidiser. SN prills can then be added in a gel ratio 
of 70% gel, 30% SN prills. This product can be augured and be 
compared against 50:50 emulsion/ANFO blends; and 
c. Products (a) and (b) can both be manufactured at ambient 
temperature. 
Technology 4 A pumpable, water gel product created from HP and AN as the 
oxidiser, and comprises of no solids (prills). This product can be 
used as a bulk explosive. 
Technology 5 A pumpable, water gel prototype created from HP and nitrates 
(including AN, CAN and SN) as the oxidiser, and comprises of no 
solids (prills). This product can be used as boosters to initiate bulk 
explosives. This product can be manufactured at ambient 
temperatures. 
  
Based on the results of viscosity analysis and a number of unconfined VOD tests conducted, as 
shown in Figure 16, the technologies listed in Table 7 were found to be feasible and can be used 
as an alternative to AN-based explosives (Onederra et al, 2017).  
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Figure 16. Unconfined VOD Tests Setup (Araos & Onederra, 2015)  
The results demonstrated that while some of these technologies are NOx free, others are but 
alternatives to AN-based explosives (Onederra et al, 2017). However, the technological 
readiness of these products are far from the stage at which these can be commercialised, as 
there is lack of knowledge concerning the stability of the HP-based products when loaded in 
different ground conditions. 
 
3.7  CONCLUSIONS 
The emission of NOx fumes as a result of the detonation reaction of AN-based explosives under 
‘non-ideal’ conditions, can lead to detrimental impacts upon the environment and severe health 
risks to workers and nearby communities. In order to eliminate the NOx hazard, a novel 
alternative explosive formulation that replaces AN with HP (H2O2) as the main oxidising agent 
was developed by Mining3 and the School of Mechanical and Mining Engineering at the 
University of Queensland. Literature has shown that HP can be used as an explosive due to its 
oxidising nature/behaviour. The HP-based explosive products developed were found to be a 
feasible alternative to AN-based explosives, based on the results of viscosity analysis and 
several unconfined VOD tests. However, further studies were required concerning reactivity 
and stability issues, and other aspects associated with the safe implementation and use of the 
HP-based explosives. 
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4.  RESEARCH APPROACH AND METHODOLOGY 
 
4.1  INTRODUCTION 
The approach of this research project involved three main stages of investigating the reactivity 
of pure HP of 50% w/w (concentration) and a HP-based gel product in contact with different 
rock types, which are described in this section. The three stages of the approach are as follows: 
 
1. The first stage was to essentially identify rock samples that will react with HP of 50% 
w/w and determine the extent of the reactivity (see Section 4.2); 
2. The next stage was to analyse the elemental and mineral composition of the high 
reactive rock samples identified and establish a profile of potential trigger mechanisms 
of the reactivity (see Section 4.3); and 
3. The final stage was to develop and conduct a thermal imaging contact test to further 
evaluate the thermal behaviour and reactivity of the HP/fuel-based gel product in 
contact with the rock samples, and in doing so, justifying the established profile of 
potential reactivity trigger mechanisms (see Section 4.4). 
 
4.2  CHEMISTRY STABILITY ANALYSIS TO INVESTIGATE 
REACTIVITY ISSUES 
Mining3 established an experimental program in order to investigate the stability of the 
HP/fuel-based explosive products, as HP is an exceptionally good oxidiser and thus will not be 
particularly selective with different materials and could potentially react with any of these 
materials (Onederra et al, 2017). A systematic approach was designed to investigate the 
reactivity of the HP/fuel-based explosives with different rock types. The approach included: 
 
x Identifying the mineral and elemental composition of the rock samples; 
x Determining the extent of the reactivity between the HP product with the powdered rock 
samples (powdering increases contact surface area); and 
x Developing a reactivity matrix highlighting the key data findings and results (Onederra 
et al, 2017). 
 
The main objective of this chemistry stability analysis was to develop a matrix that summarised 
the reactivity of the HP/fuel-based explosives and its correlation with key minerals contained 
within the rock samples. Further details regarding the experimental methodology are outlined 
in Section 7. 
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4.3  ESTABLISHING PROFILE OF POTENTIAL REACTIVITY 
TRIGGER MECHANISMS 
The XRD and XRF data and developed reactivity matrix from the first stage was used to 
conduct a breakdown analysis and comparison of the mineral and elemental composition 
between the extremely high and extremely low reactive rock samples. In evaluating the 
extremes of the reactivity between the HP product and the powdered rock samples, a profile of 
potential trigger mechanisms of the reactivity can be established.  
 
4.4  DEVELOPMENT OF THERMAL IMAGING CONTACT TEST 
A thermal imaging contact test was developed in order to evaluate the thermal behaviour and 
reactivity of the pre-crosslinked HP-fuel/based gel product when contacted with the powdered 
rock samples. In doing so, this will provide a laboratory experiment-scaled simulation of the 
corresponding thermal behaviour and reactivity of the final HP-fuel/based gel product when 
loaded in an operating blast site. The main objective of the thermal imaging contact test was to 
provide further justification and validation of the established profile of potential reactivity 
trigger mechanisms from the second stage, based on the HP/fuel-based gel product. 
 
The FLIR ONE thermal camera and analysis tool (attached to a Samsung tablet), as seen in 
Figure 17, were utilised to capture and analyse the thermal images and videos of the reactivity 
between the HP-based gel and the rock samples. Further details regarding the experimental 
methodology are outlined in Section 9. 
 
 
Figure 17. FLIR ONE Thermal Camera and Analysis Tool (FLIR Systems, Inc., 2017)  
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4.5  LABORATORY FACILITY FOR EXPERIMENTAL PROGRAM 
Due to the nature of the research work and experimental program, it was expected that the 
extensive tests with the HP/fuel-based explosive products and rock samples required an 
appropriate location and facilities suitable to conduct these tests. As such, the experimental 
program was conducted in a laboratory located in the University of Queensland (UQ) Pinjarra 
Hills site. Mining3 had set up an explosive chemistry laboratory at the site to conduct tests 
involving small quantities of the authorised mining explosives and chemicals, as shown in 
Figure 18.  
 
 
Figure 18. Explosive Chemistry Lab Setup at UQ Pinjarra Hills Site (Onederra et al, 2017) 
 
4.6  COMPOSITION OF ROCK SAMPLES 
Mining3 has made available 174 rock samples to test and analyse as part of the reactivity 
research and investigation, which were collected from various locations, including: 
 
x Cannington Mine; 
x Curragh Mine; 
x Inglewood Quarry; 
x Laos Mines; 
x Lihir Mine; 
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x Meandu Mine; 
x Mosquito Hill Mine; 
x Nebo Mine; 
x New Acland Mine; 
x Pine Mountain Quarry; 
x South Lime Quarry; and 
x Talbot Mine (Onederra et al, 2017).  
 
In order to gain an extensive understanding of reactivity at an elemental and mineralogical level, 
it was important to use rock samples that originated from a variety of geological environments.  
 
The Olympus TERRA XRD/XRF analyser, an instrument that analyses both X-Ray Diffraction 
(XRD) and X-Ray Fluorescence (XRF), was utilised in order to identify the mineral and 
elemental composition of the rock samples.  
 
XRD is the most direct and accurate method to identify and quantify the mineral species, 
crystalline compounds and phases in the rock samples (Sietronics, 2017). Essentially, a beam 
of incident X-rays will diffract into several specific directions due to the crystalline atoms. The 
mineral composition and chemical bonds can be determined, the position of the atoms in the 
crystal can be located and a 3D picture of the electrons density in the crystal can be generated, 
all based on measurements of the angles and intensities of the diffracted beams (Onederra et al, 
2017). 
 
XRF is the method used to identify and quantify elements, and provide details concerning the 
chemical composition of the rock samples (Sietronics, 2017). However, presence of phases in 
the sample will not be indicated (James Cook University, 2017).  Essentially, secondary 
(fluorescent) forms of X-Rays are produced when atoms in the rock sample are bombarded with 
high energy X-Rays. As X-Ray signatures are unique to each element, the compositional 
information acquired is useful and commonly used for both chemical and elemental analysis 
(James Cook University, 2017). 
 
Powdered rock samples of sizes below 150 microns were loaded into a vibration chamber and 
suspended by high frequency vibration via a tuning fork, as shown in Figure 19. Subsequently, 
the TERRA analyser is then turned on and an X-Ray is penetrated through the screen whereby 
the powdered rock particles are suspended. As a result, XRD and XRF spectra were generated 
using the diffracted and fluorescent X-Rays acquired. 
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Figure 19. Loading of Powdered Rock Sample into the TERRA Analyser (Onederra et al, 2017) 
 
Some rock samples were more difficult to powder than others using the mill. As result, the 
mineral analysis faced a higher level of difficulty due to the denser and larger rock particles 
potentially causing some issues when suspending the particles in the TERRA analyser. 
Furthermore, rock samples were powdered to an average size below 300 microns for the contact 
tests, as seen in Figure 20, via the Kinematic Polymix PX-MCF 90 D mill from Kinematic AG.  
 
 
Figure 20. Powdered Rock Samples (Onederra et al, 2017)  
4.7  CONCLUSIONS 
Ultimately, the aim of the three-stage approach in investigating the reactivity of pure HP of 
50% w/w and the HP-based gel product with different rock types was to define a profile of 
potential trigger mechanisms of the reactivity that will supplement future stabilisation tests and 
research studies concerning the stability of the HP-based explosives. 
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5.  PROJECT RISK MANAGEMENT 
 
5.1  POTENTIAL HAZARDS IN EXPLOSIVE CHEMISTRY 
LABORATORY 
When experiments involving the development and handling of explosives are conducted in the 
chemistry laboratory, personnel are exposed to various potential hazards. Thus, safety 
procedures, systems and appropriate engineering must be implemented in order to minimise 
and eliminate these hazards within the lab. In general, impact, friction, static electricity and 
dangerous heat buildup should be avoided when working with mining explosives, and any other 
explosive types. 
 
Three major activities in the explosive chemistry lab were identified, these are: 
 
x Use of chemicals; 
x Hot work; and 
x Moving parts. 
 
The potential physical and process hazards, and corresponding control measures imposed by 
these three major are listed in Tables 8, 9 and 10, respectively. Furthermore, these risks of each 
hazards were ranked accordingly to the risk-scoring matrix, as shown in Figure 21. 
 
 
Figure 21. Risk-Scoring Matrix 
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Table 8. 
Use of Chemicals Potential Risks and Control Measures 
Risks Risk Score (Ranking) Control Measures 
Cross contamination due to 
incorrect storage, handling, 
labelling and/or packaging 
 
6 x Implementation of and complying 
with handling, storage and 
packaging procedures 
x Appropriate management of 
waste 
x Conducting audits 
x Implementation of and complying 
with container labelling 
procedures 
x Implementation of and complying 
with Australian 
standards/classification of 
chemical substances 
x Implementation of and complying 
with engineering standards 
x Implementation of and complying 
with ISO 9002 procedures 
x Use of Material Safety Data 
Sheets (MSDS), chemical 
inventories and safe handling 
guides 
x Implementation of and complying 
with dangerous goods 
regulations 
x Conducting hazard studies 
x Implementation of Manage of 
Change systems 
x Identification of new equipment 
hazard 
x Implementation of bunding and 
segregation distances 
x Appropriate induction and 
training for laboratory staff 
x Appropriate PPE  
Cross contamination due to 
poor storage and/or disposal of 
waste 
 
6 
Use of incorrect ingredient due 
to incorrect labelling, storage 
and/or adding procedures 
 
4 
Incompatibility of HP with 
contaminants 
 
6 
Static electricity due to 
incorrect handling, storage and 
transfer  
6 
Exposure to chemicals causing 
personal injury(s) 
9 
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Table 9. 
Hot Work Potential Risks and Control Measures 
Risks Risk Score (Ranking) Control Measures 
Reaction of newly added 
chemicals due to heat 
 
9 x Implementation of and complying 
with appropriate operating 
procedures 
x Setting sufficient clearances 
x Conducting audits 
x Implementation of maintenance 
schedule 
x Clear communication with 
Health, Safety and Environment 
(HSE) personnel 
x Conducting comprehensive 
hazard studies and risk 
assessments 
x Appropriate PPE  
Reaction of/or between residual 
chemicals due to heat or flame 
 
9 
Pressure build up from heat in 
concealed spaces 
 
9 
Reaction due to heat or flame 
occurring elsewhere because of 
splashes/splatters 
 
6 
Reaction occurring elsewhere 
due to heat conduction (through 
metal) 
 
6 
Exposure to reaction due to heat 
causing personal injury(s) 
6 
 
Table 10. 
Moving Parts Potential Risks and Control Measures 
Risks Risk Score (Ranking) Control Measures 
Heat due to friction caused by 
external objects, insufficient 
clearances, flexing and/or poor 
maintenance (lubrication and/or 
design)  
 
9 x Implementation of and complying 
with appropriate operating 
procedures 
x Implementation of and complying 
with maintenance schedule and 
procedures 
x Conducting probit calculations 
x Implementation of Manage of 
Change systems 
x Appropriate guarding of 
instruments 
x Conducting audits 
x Conducting hazard studies and 
risk assessments 
x Completing Safety Assessments 
Forms (SAF) 
x Appropriate PPE 
Heat due to excessive speed 6 
Heat due to damage to/or failure 
of a seal, bearing or other parts 
 
6 
Impact due to damage to/or 
failure of a seal, bearing or other 
parts 
 
6 
Personal injury(s) due to moving 
parts 
6 
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6.  XRD AND XRF ANALYSIS RESULTS  
The mineral composition of the rock samples identified using XRD and XRF analysis methods 
are presented in Appendix A, with an example shown in Table 11. The results only describe the 
minerals for 141 rock samples out of the 174 tested due to technical issues experienced when 
attempting to download all data from the TERRA analyser. Nevertheless, the analysis of 141 
rock samples is more than initially expected and sufficient for the purpose of this investigation 
on reactivity issues. An example of the XRD and XRF spectra of Rock Sample 2 (RS-002) 
generated by using the TERRA analyser is illustrated in Figures 22 and 23, respectively.  
 
 
Figure 22. XRD Data Spectra from RS-002 Powdered Rock Sample (Onederra et al, 2017)  
 
Figure 23. XRF Data Spectra from RS-002 Powdered Rock Sample (Onederra et al, 2017)
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Table 11. 
Mineral Composition of Rock Samples (Example) (Onederra et al, 2017) 
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7.  REACTIVITY TESTS OF HYDROGEN PEROXIDE 
BASED PRODUCTS WITH ROCK SAMPLES 
 
7.1  INTRODUCTION 
In the first stage of the project approach, Mining3 conducted several contact tests in order to 
determine the extent of the reactivity between the HP products and the rock samples, and 
ultimately develop a matrix that summarised the reactivity of the HP/fuel-based explosives and 
its correlation with key minerals contained within the rock samples. These experiments would 
see to attain an understanding of the fundamental mechanisms of HP-rock interaction. Two 
different contact tests using the HP/fuel-based gel product were executed (see Sections 7.2 and 
7.3) before the results of the third, modified test using HP of 50% w/w was used to develop the 
reactivity matrix. This section highlights the methodologies and results of these experiments. 
 
7.2  RESULTS OF INITIAL CONTACT TEST USING HYDROGEN 
PEROXIDE BASED GEL PRODUCT AND ROCK SAMPLES 
Initial evaluation of the reactivity between the HP/fuel-based gel product and the rock samples 
were conducted via simple contact tests. In doing so, the differences in the gel behaviour when 
in contact with different rock types can be observed at an ambient temperature. Figure 24 
illustrates examples of the initial contact tests conducted to evaluate the reactivity between the 
HP/fuel-based gel product and the rock samples. The differences in the gel behaviour when in 
contact with different rock types over a period of more than 12 days was observed at ambient 
temperature. 
 
 
Figure 24. (a) Day 1 Observation of Contact Tests (b) Day 12 Observation of Contact Tests (Onederra et al, 
2017) 
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It was observed that after 12 days, the HP/fuel-based gel applied on some rock samples almost 
disappeared. This indicated that there will be limitations to the use of HP/fuel-based gel under 
long sleep times with certain rock types. The results also raised concerns regarding site-specific 
safety when considering the increased temperatures in the decomposition process that can 
potentially lead to premature detonations. As such, further detailed investigation into the 
reactivity issues with various rock types was also conducted (see Section 7.3 and 7.4). 
 
7.3  RESULTS OF CONTACT TEST USING HYDROGEN PEROXIDE 
BASED GEL PRODUCT AND POWDERED ROCK SAMPLES 
The reactivity was further evaluated via another contact test by loading the powdered rock 
samples into 10 mL glass vials with the direct addition of the HP/fuel-based gel. Figure 25 
illustrates the results of a contact test conducted to evaluate the reactivity between the HP/fuel-
based gel product and the powdered rock samples in the glass vial. When the gel is first 
contacted with the powdered rock, it was observed that a layer of the rock was hydrated by the 
gel surface, as seen in Figure 25(a). Gas was then slowly produced as a result of this interaction, 
raising the gel from the powdered rock, as seen in Figure 25(b). This led to the formation of a 
gas cavity, as seen in Figure 25(c), which further resulted with the separation of the gel from 
the powdered rock, as seen in Figure 25(d).  
 
 
Figure 25. (a) Initial Contact of Gel with Powdered Rock (b) Production of Gas from Gel (c) Formation of Gas 
Cavity (d) Separation of Gel from Powdered Rock (Onederra et al, 2017) 
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However, due to the high viscosity of the gel, the resulting reactivity was a relatively slow 
process, and took about 3 to 10 minutes for some of the reactive samples. This slow process 
would have deemed this method very inefficient if all 174 rock samples required testing. 
Furthermore, the understanding of the HP-rock interactions would have been unclear and 
insufficient due to the evidently slow mass transfer between the HP-based gel and rock samples. 
As such, an alternative test was designed to evaluate the direct reactivity of HP and the 
powdered rock samples. 
 
7.4  RESULTS OF MODIFIED TEST USING HYDROGEN PEROXIDE 
OF 50% CONCENTRATION AND POWDERED ROCK 
SAMPLES 
An alternative, modified test was designed in order to evaluate the direct reactivity between HP 
of 50% w/w and different rock types, which involved directly mixing the HP product with the 
powdered rock samples, rather than surface contact. Small 4 mL glass vials were used as 
reactors in order to minimise the hazards of potential heat release and liquid splashes due to the 
decomposition of the HP of 50% w/w. HP droplets of 0.4 mL were mixed into the vials 
containing 0.20 to 0.25 g of the powdered rock samples. The reactivity with the different rock 
types were compared and evaluated by recording a time-lapsed video. The simultaneous testing 
setup for 20 different samples is shown in Figure 26. This experiment would see to attain a 
better understanding of the fundamental mechanisms of HP-rock interaction. 
 
 
Figure 26. Simultaneous Testing Setup of Different Rock Samples (Onederra et al, 2017) 
 
The resulting reactions from this test were observed after 24 hours, and can be seen in  
Figure 27. Overall, the results of the modified test have demonstrated that there is a rapid mass 
transfer and reactivity between HP of 50% w/w and a variety of minerals.  
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Figure 27. Reactivity of HP/Fuel-based Gel Mixed with Powdered Rock Samples (RS-01 to RS-10) after 24 
Hours (Onederra et al, 2017) 
 
7.5  REACTIVITY MATRIX 
Based on the modified reactivity test outlined in Section 7.4, a matrix highlighting the rock 
samples and the corresponding reactivity based on a 5-tiered score was developed, as seen in 
Figures 28 and 29. The 5-tiered scoring system is outlined in Table 12.  
 
Table 12. 
Scoring System to Classify Reactivity between HP of 50% w/w and Rock Samples 
Score (Level) Reactivity Description 
1 Very low reactivity, signs of minor bubbling 
2 Low reaction activity, signs of small bubbling and minor raising of solids 
3 Active bubbling, no signs of any solid ejected 
4 Minor delay of reactivity, with ejection of material 
5 Rapid reactivity, with ejection of material 
 
From the 174 rock samples analysed, the results of this test exhibited 43 rock samples with 
extremely low reactivity or considerably slow/delayed reaction, and 26 rocks with extremely 
high reactivity or rapid reaction. The remaining samples displayed variable reactivity and were 
scored between two limits of the scoring system. Tables 17 and 18 in Appendix B outline a 
summary of the rock samples and the inherent composition that displayed the lowest reactivity 
(Level 1) and highest reactivity (Level 5), respectively. 
  
50 
 
Figure 28. Hydrogen Peroxide Reactivity Matrix (Onederra et al, 2017) 
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Figure 29. Hydrogen Peroxide Reactivity Matrix (Continued) (Onederra et al, 2017)
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The results of Table 17 (Appendix B) indicate low reactivity between HP of 50% w/w and the 
following minerals: 
 
x Quartz / Moganite (SiO2); 
x Kaolinite / Mullite (Al2O3 / SiO2); 
x Illite (K2O / MgO / Al2O3 / FeO / SiO2); 
x Albite / Montmorillonite (Na2O / CaO / Al2O3 / SiO2); 
x Analcime (Na2O / Al2O3 / SiO2); 
x Muscovite (K2O / Al2O3 / SiO2); and 
x Cronstedtite (Fe2O3 / FeO / SiO2).  
 
Rock sample RS-092, which composed of the minerals Magnesite (MnO / CO2) and Goethite 
(Fe2O3 / H2O), also did not exhibit significant reactivity. Moreover, samples with similar 
mineral composition that did not react include: 
 
x RS-001, composed of Magnesite (MnO / CO2); 
x RS-019, composed of Guayanaite (Cr2O3); 
x RS-029, composed of Cronstedtite (Fe2O3 / FeO / SiO2); and 
x RS-090 and RS-092, both composed of Hematite (Fe2O3) and Goethite (Fe2O3 / H2O). 
 
Furthermore, the results of Table 18 (Appendix B) indicate high reactivity between HP of 50% 
w/w and the following minerals: 
 
x Anatase (TiO2); 
x Chalcopyrite (FeCuS); 
x Cronstedtite (Fe2O / FeO / SiO2); 
x Franklinite (Fe2O3 / MnO / Mn2O5 / ZnO / FeO); 
x Manganese (II) (MnI2); 
x Pyrite (FeS); 
x Pyrolusite (MnO2); 
x Qandilite (MgO / TiO3 / Al2O3 / Fe2O3); 
x Rhodochrosite (MnO2 / CO2); 
x Siderite (FeO / CO2); 
x Vermiculite (MgO / Al2O3 / FeO / SiO2); and 
x Zirconolite (TiO3 / ZrO2 / CaO).  
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7.6  CONCLUSIONS 
In the first stage of the project approach, a reactivity matrix highlighting the rock samples and 
the corresponding reactivity based on a 5-tiered score was developed. Mining3 first conducted 
two different contact tests using the HP/fuel-based gel product, which resulted with unclear and 
insufficient understanding of the HP-rock interactions. As such, the matrix was developed 
based on the results of a modified reactivity test between HP of 50% w/w and powdered rock 
samples. From the 174 rock samples analysed, the results of this test exhibited 43 rock samples 
with extremely low reactivity (Level 1) or considerably slow/delayed reaction, and 26 rocks 
with extremely high reactivity (Level 5) or rapid reaction. 
 
Ultimately, the reactivity matrix clearly distinguished which rock samples exhibited very high 
or very low reactivity with HP of 50% w/w; however, it did not provide a clear, definitive 
profile of minerals and elements that could potentially be the reactivity trigger mechanisms. As 
such, the samples that exhibited the extremes of the reactivity (Levels 1 and 5) require further 
evaluated in order to better define potential reactivity trigger mechanisms. 
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8.  PROFILE OF POTENTIAL REACTIVITY TRIGGER 
MECHANISMS 
 
8.1  INTRODUCTION 
In the second stage of the project approach, a breakdown analysis and comparison of the 
mineral and elemental composition between the extremely high and extremely low reactive 
rock samples was completed. In evaluating the extremes of the reactivity between the HP 
product and the powdered rock samples, a profile of potential trigger mechanisms of the 
reactivity was established. This section outlines the methodology and results of the analysis. 
 
8.2  ANALYSIS BACKGROUND 
Using 20 randomly selected rock samples, consisting of 10 extremely high reactive and 10 
extremely low reactive samples (Level 5 and Level 1, respectively), a breakdown of each 
sample was conducted in order to analyse and compare the mineral and elemental composition 
between the high and low reactive samples. Only 20 rocks were chosen for this analysis due to 
project time constraints. The selected samples are outlined in Table 13. 
 
Table 13. 
Selected Rock Samples 
High Reactivity (Level 5) Samples Low Reactivity (Level 1) Samples 
RS-056 RS-018 
RS-094 RS-033 
RS-098 RS-042 
RS-112 RS-068 
RS-113 RS-075 
RS-114 RS-083 
RS-123 RS-092 
RS-139 RS-106 
RS-146 RS-107 
RS-147 RS-121 
 
8.2.1 Breakdown Analysis of Rock Samples 
Using the XRD and XRF data, a breakdown of the mineral and elemental composition of the 
selected rock samples (see Table 13) was conducted. Figures 30, 31 and 32 illustrate an example 
of the mineral and elemental breakdown of Rock Sample 112 (RS-112) in the form of pie charts 
for a clear visual representation. This was completed for all 20 selected rock samples, as seen 
in Appendix C. 
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Figure 30. RS-112 Mineral Composition 
 
 
Figure 31. RS-112 Elemental Composition (Orthoclase) 
 
 
Figure 32. RS-112 Elemental Composition (Pyrite) 
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8.3  ANALYSIS OF POTENTIAL REACTIVITY TRIGGER 
MECHANISMS 
8.3.1 Mineral Count Comparison 
From the breakdown analysis of the rock samples, a mineral count comparison between the 
high and low reactive samples was conducted. This was completed by simply comparing the 
number of times a mineral was identified within the sample pool. The charted results are shown 
in Figure 33. 
 
 
Figure 33. Mineral Count Comparison 
 
From Figure 34, it is apparent that pyrite and orthoclase are distinct minerals of the high reactive 
samples, with none of these minerals identified within the low reactive samples. Pyrite was the 
most common mineral identified within the high reactive samples and had the most significant 
comparative result, having a count of 6 to 0 (high reactive vs. low reactive sample).  Minerals 
that had counts of 1 to 0, such as biotite, clinochlore, sanidine, annite, siderite, fourmarierite, 
chalcopyrite, cronstedtite and bearsite were not considered distinct, as a difference of one count 
was most likely the result of conducting the analysis from a small sample pool of only 20 rocks. 
Other minerals including albite (2 to 1) and muscovite (3 to 2) were also not considered distinct 
due to this reason. 
 
8.3.2 Element Percentage Comparison 
An element percentage comparison between the high and low reactive samples was also 
conducted. This was completed by determining the percentage of a particular element identified 
within all elements identified from the sample pool, and comparing the percentage of the 
element between the high and low reactive rocks. The charted results are shown in Figure 34. 
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In the chart, the number ‘11’ in the iron column, for example, indicates that 11% of all elements 
identified within the high reactive samples are iron. 
 
 
Figure 34. Element Percentage Comparison 
 
From Figure 34, it can be seen that iron, sulfur and potassium are distinct elements of the high 
reactive samples. Iron and sulfur have the most significant comparative results, having 
percentage comparisons of 11% to 4% and 6% to 0% (high reactive vs. low reactive sample), 
respectively, and no sulfur identified within the low reactive samples. Iron and sulfur are the 
elemental composition of the mineral pyrite, which is a distinct mineral of the high reactive 
samples, thus resulting with the high iron and sulfur percentage identified. Fluorine (2% to 0%) 
and other elements that had percentage comparisons of 1% to 0%, such as uranium, lead, 
copper, beryllium and arsenic were not considered distinct. This is because 1-2% was 
considered insignificant and most likely the result of conducting the analysis from a small 
sample pool of only 20 rocks (as per mentioned in Section 8.3.1). 
 
8.4  DISCUSSION AND CRITIQUE OF PROFILE OF POTENTIAL 
REACTIVITY TRIGGER MECHANISMS 
Based on the breakdown analysis and comparison of the mineral and elemental composition 
between the high and low reactive rock samples, a profile of potential reactivity trigger 
mechanisms was defined. The established profile consisted of the following: 
 
x Minerals: pyrite and orthoclase; and 
x Elements: iron, sulfur and potassium. 
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Pyrite (composed of iron and sulfur) was also identified as a reactivity trigger mechanism and 
decomposition factor of AN, as previously discussed in Section 2.6. 
 
One of the key limitations of this profile is that it is based on an analysis conducted from a 
small sample pool of only 20 rocks, which can be seen to undermine the validity of the profile. 
As such, the analysis and comparison of the mineral and elemental composition for all 174 
available rock samples are required in order to justify the validity of the profile. However, the 
profile established from this analysis was considered a sufficient basis for further research 
work. 
 
Another key limitation of this profile is that it is based on reactivity tests using HP of 50% w/w, 
and not the actual HP/fuel-based gel product that will eventually be used for on-site blasting 
applications. As such, this limits the profile to be valid only for laboratory experiment-scaled 
work. Thus, it is required for the profile to be justified through further reactivity tests and 
evaluation using the HP/fuel-based gel product. 
 
8.5  CONCLUSIONS 
In the second stage of the project approach, 20 samples that exhibited the extremes of the 
reactivity (10 Level 1 and 10 Level 5 samples) were further evaluated in order to define a profile 
of potential reactivity trigger mechanisms. Based on the breakdown analysis and comparison 
of the mineral and elemental composition between the high and low reactive rock samples, the 
established profile consisted of the following: 
 
x Minerals: pyrite and orthoclase; and 
x Elements: iron, sulfur and potassium. 
 
However, since the profile is based on reactivity tests using pure HP of 50% w/w and not the 
actual HP/fuel-based gel product that will eventually be used for on-site blasting applications, 
the validity of the profile is limited only for laboratory experimental-scaled work. Thus, the 
profile required further justification through additional reactivity tests and evaluation using the 
HP/fuel-based gel product. 
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9.  THERMAL IMAGING CONTACT TEST 
 
9.1  INTRODUCTION 
In the final stage of the project approach, a thermal imaging contact test was developed and 
conducted in order to evaluate the thermal behaviour and reactivity of the pre-crosslinked HP-
fuel/based gel product when contacted with the powdered rock samples. The main objective of 
the thermal imaging contact test was to provide further justification and validation of the 
established profile of potential reactivity trigger mechanisms from the second stage, based on 
the HP/fuel-based gel product. This section outlines the methodology and results of the 
experiment. 
 
9.2  EXPERIMENT BACKGROUND 
A thermal imaging contact test was conducted in order to evaluate the thermal behaviour and 
reactivity between the same 20 rock samples, as outlined in Table 14, and the pre-crosslinked 
HP/fuel-based gel product (see Figure 35). The formulation of the pre-crosslinked HP-based 
gel product used at 50% w/w (for experimental safety purposes) is highlighted in Table 14. 
 
Table 14. 
Pre-Crosslinked HP/Fuel-based Gel Product Formulation 
Chemical Percentage (% w/w) 
HP 83.4 41.7 
X-Gum 3 1.5 
Glycerol 13.6 6.8 
Total 100.0 50.0 
 
 
Figure 35. Pre-Crosslinked HP/Fuel-based Gel Product 
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9.2.1 Experiment Materials 
The experiment involved using 1 g of the HP-based gel and 0.3 g of the selected powdered rock 
samples, as seen in Figure 36(a) and 36 (b), respectively. The gel and powdered rock were 
pressed between two glass slides in order to create contact, as seen in Figure 37. The use of 
glass slides provided ease for the experimental setup and for capturing thermal images and 
videos of the reactivity between the HP-based gel and powdered rock samples (using the FLIR 
ONE thermal camera and analysis tool, as per mentioned in Section 4.4). 
 
 
Figure 36. (a) 1 g of HP-based Gel (b) 0.3 g of Powdered Rock Sample  
 
Figure 37. HP-based Gel and Powdered Rock Pressed between Glass Slides 
 
9.2.2 Experimental Setup 
Figure 38 shows the overall experimental setup of the thermal imaging contact test. It can be 
seen that the FLIR ONE camera attached to the Samsung tablet is set up over the gel-rock 
samples in order to capture the thermal images of the reactivity. 
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Figure 38. Overall Experimental Setup of Thermal Imaging Contact Test 
 
The gel-rock samples were set up in a format that clearly distinguished the high reactive 
samples from the low reactive ones. Furthermore, a gel-only sample was also used in the tests 
in order to validate that the gel did not react with the glass slides. The general layout of the 
samples is shown in Figure 39. 
 
 
Figure 39. General Layout of Gel-Rock Samples 
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The thermal behaviour and reactivity of the 20 gel-rock samples were evaluated over three sets 
of tests, as the FLIR ONE camera was unable to fit all 20 samples within a single image frame, 
and also due to the limited number of glass slides available. Each set of tests evaluated the 
reactivity over 45 minutes, with a thermal image captured every three minutes. 
 
A test time of 45 minutes was chosen due to the limited battery life of the FLIR ONE camera 
and a glitch in the FLIR ONE analysis tool that would cause the camera to shut down every 
time it recorded until around the 50-minute mark. Furthermore, thermal images were captured 
rather than videos due to an issue faced with analysing videos on the FLIR ONE analysis tool 
that made it impossible to obtain any temperature readings from videos.  
 
9.2.3 Thermal Images from FLIR ONE Analysis Tool 
The FLIR ONE analysis tool was used to analyse the thermal images captured every three 
minutes for each set of tests. This was completed by selecting an area or areas within the thermal 
image to analyse and obtain the temperature readings of these areas (using the analysis tool). 
An example of this analysis is shown in Figure 40. The thermal images captured every three 
minutes over the 45-minute testing period can be seen in Appendix D. 
 
 
Figure 40. (a) Initial Thermal Image at 0 Minute (b) Thermal Image at 3 Minutes  
(c) Thermal Image at 45 Minutes  
The following parameters (recorded by the FLIR ONE camera) that remained consistent 
throughout the experiment are outlined in Table 15. These parameters will have an effect on 
the results of thermal image analysis; however, these effects were considered insignificant, as 
the parameters were constants. 
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Table 15. 
Constant Experimental Parameters 
Parameters Value 
Emissivity  0.95 
Reflection Temperature 20.00°C 
Distance from Image 1.00 m 
Relative Humidity 50.00% 
Atmospheric Temperature 20.00°C 
Transmission 0.94 
IR Window Temperature 20.00°C 
IR Window Transmission 1.00 
 
9.3  ANALYSIS OF EXPERIMENT RESULTS 
9.3.1 Analysis of Set 1 Test Results 
The rock samples tested in Set 1 and the test layout are illustrated in Figure 41. 
 
 
Figure 41. Set 1 Layout 
 
The results of testing the reactivity of these gel-rock samples over 45 minutes are shown in a 
before-and-after image shown in Figure 42. 
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Figure 42. Before and After Image of Set 1 
From Figure 42, it can be seen that the instantaneous reactivity of the RS-056 gel-rock sample 
caused the glass slide to crack in just 10 seconds due to the heat generated. It can also be seen 
that this gel-rock sample emitted smoke and fumes as a result of the reactivity. The other high 
reactive samples resulted with rapid reactivity and active bubbling. Moreover, the RS-098 and  
RS-112 gel-rock samples resulted with small ejection of material that caused slight lifting of 
the top glass slides. The low reactive samples, on the other side, resulted only with minor 
bubbling and reaction activity. 
 
The resulting temperature readings of Set 1 were obtained by the FLIR ONE analysis tool and 
can be seen charted in Figure 43. 
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Figure 43. Set 1 Temperature Readings 
 
From Figure 43, it can be seen that the high reactive samples reached considerably higher 
reaction temperatures in comparison to the low reactive samples, which had temperatures 
remaining consistently low at around 25°C throughout the 45-minute testing period. 
Furthermore, the gel-only sample also remained consistently low under 25°C, and thus, 
validated that the gel did not react with the glass slides. The maximum temperature recorded in 
Set 1 was 53°C at 3 minutes, which was generated by the RS-056 gel-rock sample. The peak 
temperatures of the other high reactive samples were 33.2°C (9 minutes), 42.9°C (45 minutes) 
and 48.7°C (15 minutes) generated by the RS-094, RS-098 and RS-112 gel-rock samples, 
respectively. However, it was apparent that RS-094 did not exhibit high reaction activity and 
temperatures (also evident in Figure 42) in comparison to the other high reactive samples. This 
is possibly due to experimental factors present throughout the test. Moreover, a thermal 
behaviour trend of the high reactive samples was identified from the chart, which indicated that 
once the sample reached its peak reaction temperature, it gradually decreased to ambient 
temperatures below 30°C. 
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9.3.2 Analysis of Set 2 Test Results 
The rock samples tested in Set 2 and the test layout are illustrated in Figure 44. 
 
 
Figure 44. Set 2 Layout 
 
The results of testing the reactivity of these gel-rock samples over 45 minutes are shown in a 
before-and-after image shown in Figure 45. 
 
 
Figure 45. Before and After Image of Set 2 
 
From Figure 45, it can be seen that the high reactive samples resulted with rapid reactivity and 
active bubbling. The heat generated as the result of the reaction of the RS-114 gel-rock sample 
caused the glass slide to crack at around six minutes. It can also be seen that the reaction of the 
RS-113 gel-rock sample resulted with the ejection of material out of the glass slide. As 
expected, the low reactive samples resulted only with minor bubbling and reaction activity, 
appearing to be almost in the same state as the initial contact. 
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The resulting temperature readings of Set 2 were obtained by the FLIR ONE analysis tool and 
can be seen charted in Figure 46. 
 
 
Figure 46. Set 2 Temperature Readings 
 
From Figure 46, it can be seen that the maximum temperature recorded in Set 2 was 83.6°C at 
6 minutes, which was generated by the RS-113 gel-rock sample. The peak temperatures of the 
other high reactive samples were 72.1°C (6 minutes) and 31.4°C (45 minutes) generated by the 
RS-114 and RS-123 gel-rock samples, respectively. However, it was apparent that RS-123 did 
not exhibit high reaction activity and temperatures (also evident in Figure 45) in comparison to 
the other high reactive samples. This is possibly due to experimental factors present throughout 
the test. Furthermore, the reaction temperatures of the low reactive samples remained 
consistently low at around 27°C throughout the 45-minute testing period. The gel-only sample 
also validated no reaction between the gel and glass slide. Similar to the thermal behaviour 
trend identified in Set 1 results, once the high reactive samples of Set 2 reached the peak 
temperatures, the samples gradually decreased to ambient temperatures below 30°C. 
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9.3.3 Analysis of Set 3 Test Results 
The rock samples tested in Set 3 and the test layout are illustrated in Figure 47. 
 
 
Figure 47. Set 3 Layout  
The results of testing the reactivity of these gel-rock samples over 45 minutes are shown in a 
before-and-after image shown in Figure 48. 
 
 
Figure 48. Before and After Image of Set 3  
From Figure 48, it can be seen that the high reactive samples resulted with rapid reactivity and 
active bubbling, in contrast to the low reactive samples, which resulted only with minor 
bubbling and low reaction activity (as expected). It can also be seen that the reaction of the RS-
139 and RS-147 gel-rock samples resulted with the ejection of material out of the glass slides, 
which also caused the top slides of these samples to be slightly lifted. 
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The resulting temperature readings of Set 3 were obtained by the FLIR ONE analysis tool and 
can be seen charted in Figure 49. 
 
 
Figure 49. Set 3 Temperature Readings 
 
From Figure 49, it can be seen that the maximum temperature recorded in Set 3 was 91.8°C at 
6 minutes, which was generated by the RS-139 gel-rock sample. This was also the highest 
temperature recorded amongst all three sets of tests. The peak temperatures of the other high 
reactive samples were 38.8°C (33 minutes) and 65.3°C (21 minutes) generated by the RS-146 
and RS-147 gel-rock samples, respectively. However, it was apparent that RS-146 did not 
exhibit high reaction activity and temperatures (also evident in Figure 48) in comparison to the 
other high reactive samples. This is possibly due to experimental factors present throughout the 
test. Furthermore, the reaction temperatures of the low reactive samples remained consistently 
low at around 28°C throughout the 45-minute testing period. Again, the gel-only sample 
validated no reaction between the gel and glass slide. As identified in Set 1 and 2, the high 
reactive samples of Set 3 also displayed the similar thermal behaviour trend in which the 
samples gradually decreased to ambient temperatures below 30°C once it reached the peak 
temperatures. 
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9.4  DISCUSSION AND CRITIQUE OF EXPERIMENT RESULTS 
The results of the thermal imaging contact test indicated and validated RS-056, RS-098,  
RS-112, RS-113, RS-114, RS-139 and RS-147 as extremely high reactive samples. Based on 
the mineral and elemental breakdown analysis of the samples listed above (as per Appendix C), 
the common mineral and elements contained within these samples are as follows: 
 
x Minerals: pyrite and orthoclase; and 
x Elements: iron, sulfur and potassium. 
 
These results fit the profile of potential reactivity trigger mechanism established in Section 8, 
as the minerals and elements identified are an exact match to those of the profile. Furthermore, 
this provides justification for the profile based on the HP/fuel-based gel product that will 
eventually be used for on-site blasting applications. 
 
Regarding the temperature data collection, a thermal image was captured manually every 3 
minutes. The issue with this is that because the data collection was manual, some of these 
images may not have been captured exactly on the 3-minute mark. Furthermore, the peak 
reaction temperature of the gel-rock samples may have occurred at some time between the  
3-minute marks over the 45-minute testing period. However, the effect of these factors were 
considered insignificant as the analysis will still have indicated which rocks have extremely 
high reactivity or low reactivity, and most likely have produced the same results (with possible 
minor differences). 
 
Furthermore, the reflection temperature of the glass slide, humidity, atmospheric temperatures 
and other parameters listed in Table 15 will have an effect on the temperature readings obtained 
from the FLIR ONE thermal camera and analysis tool. However, as per mentioned in Section 
9.2.3, these parameters were considered insignificant, as these were constant throughout the 
entire experiment. Moreover, the use of cardboard (as seen in the experimental setup images) 
as the base to place the gel-rock samples can be considered a safety risk, due to the ejection of 
high heat material and high temperatures produced as results of the reaction. It is important to 
use a flameproof material as the base of the contact tests for future work in order to minimise 
the risk of fire. 
 
Moreover, similar to the profile of potential reactivity trigger mechanisms, the key limitation 
of the results of the thermal imaging contact test is that it is based on a small sample pool of 
only 20 rocks, which can be seen to undermine the validity of the results. As such, this 
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experiment should be conducted for all 174 available rock samples in order to further justify 
the validity of the profile. However, the results of this experiment and the established profile 
were considered a sufficient basis for further research work. Further recommendations for 
experimental improvements and future work that will use these results as the basis are outlined 
in the Section 10. 
 
9.5  CONCLUSIONS 
In the final stage of the project approach, a thermal imaging contact test was conducted using 
the FLIR ONE thermal camera and analysis tool in order to evaluate the thermal behaviour and 
reactivity between the same 20 rock samples and the pre-crosslinked HP/fuel-based gel product. 
The results of the experiment identified high reactive samples that were composed of common 
minerals and elements defined in the established profile of potential reactivity trigger 
mechanisms. These are the minerals pyrite and orthoclase, and elements iron, sulfur and 
potassium. This provided justification for the profile based on the HP/fuel-based gel product 
that will eventually be used for on-site blasting applications. 
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10.  CONCLUSIONS AND RECOMMENDATIONS 
 
10.1  CONCLUSIONS 
The heavy use of AN-based commercial explosives in blasting applications worldwide has led 
to many issues and hazards associated with explosive ground reactivity (also referred to as 
‘reactive ground’), including fires, deflagration, spontaneous combustion and premature 
detonations. Literature has shown that the key mechanism of the reactivity issues is the 
decomposition of AN in certain ground conditions, in particular, rock types containing sulfides. 
This has led to the establishment and implementation of rigorous monitoring guidelines, 
management strategies, operational procedures and in-pit/on-bench practices by the industry, 
in order to minimise and manage the severe nature and high risks associated with using  
AN-based explosives in reactive grounds. 
 
Furthermore, the emission of NOx fumes as a result of the detonation reaction of AN-based 
explosives under ‘non-ideal’ conditions, can lead to detrimental impacts upon the environment 
and severe health risks to workers and nearby communities. In order to eliminate the NOx 
hazard, a novel alternative explosive formulation that replaces AN with HP (H2O2) as the main 
oxidising agent was developed by Mining3 and the School of Mechanical and Mining 
Engineering at the University of Queensland. Literature has shown that HP can be used as an 
explosive due to its oxidising nature/behaviour. The HP-based explosive products developed 
were found to be a feasible alternative to AN-based explosives, based on the results of viscosity 
analysis and several unconfined VOD tests. However, further studies were required concerning 
reactivity and stability issues, and other aspects associated with the safe implementation and 
use of the HP-based explosives. 
 
This research project was completed in order to investigate the reactivity of pure HP of 50% 
w/w (concentration) and a HP-based gel product in contact with different rock types. A three-
stage approach was executed in aims of defining a profile trigger mechanisms of the reactivity 
that will supplement future stabilisation tests and research studies of the stability of the HP-
based explosives. 
 
From previous work conducted by Mining3, a reactivity matrix highlighting the rock samples 
and the corresponding reactivity based on a 5-tiered score was developed. The matrix was 
developed based on the results of a reactivity test between HP of 50% w/w and powdered rock 
samples. From the 174 rock samples analysed, the results of this test exhibited 43 rock samples 
  
73 
with extremely low reactivity (Level 1) or considerably slow/delayed reaction, and 26 rocks 
with extremely high reactivity (Level 5) or rapid reaction. 
 
In this research project, 20 samples that exhibited the extremes of the reactivity (10 Level 1 and 
10 Level 5 samples) were further evaluated in order to define a profile of potential reactivity 
trigger mechanisms. Based on the breakdown analysis and comparison of the mineral and 
elemental composition between the high and low reactive rock samples, the established profile 
consisted of the following: 
 
x Minerals: pyrite and orthoclase; and 
x Elements: iron, sulfur and potassium. 
 
In the final stage of the project, a thermal imaging contact test was conducted in order to 
evaluate the thermal behaviour and reactivity between the same 20 rock samples and the pre-
crosslinked HP/fuel-based gel product. The results of the experiment identified high reactive 
samples that were composed of common minerals and elements defined in the established 
profile of potential reactivity trigger mechanisms. This provided justification for the profile 
based on the HP/fuel-based gel product that will eventually be used for on-site blasting 
applications. 
 
Experimental factors, such as conducting the analysis based on a small sample pool may have 
influenced the results of this research project and thus, undermined the validity of the 
established profile. As such, recommendations for experimental improvements and future work 
are outlined in Section 10.1, in order to ensure the validity of future research and investigation. 
 
Ultimately, the results of this research project form a sufficient basis for future characterisation 
studies and investigation work concerning the stability of the final crosslinked HP/fuel-based 
gel product that will be used for on-site blasting applications in operating mines.  
 
10.2  RECOMMENDATIONS 
In this research project, several contact tests and analysis were conducted in order to evaluate 
the reactivity between the HP/fuel-based explosives and rock samples, and ultimately define a 
profile of potential reactivity trigger mechanisms. However, experimental factors may have 
influenced the results of the tests, and thus undermined the validity of the results and the profile. 
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As such, recommendations for experimental improvements and future work include: 
 
x Completing a breakdown analysis and comparison of the mineral and elemental 
composition between all the high and low reactive rocks of the 174 available samples, 
in order to define a profile of potential reactivity trigger mechanisms based on a larger 
sample pool; 
x Conducting the thermal imaging contact test for all 174 rock samples, and repeating the 
tests for each sample a minimum of three times, in order to further validate and justify 
the established profile of potential reactivity trigger mechanisms; 
x Using a flameproof material, such as a plastic or metal board, as a base to place the  
gel-rock samples when conducting the contact tests in order to minimise the risk of fire; 
x Testing the reactivity between the HP/fuel-based gel product and different rock types 
using core rock samples, rather than powdered rock samples, in order to attain a better 
understanding of the expected reactivity when loaded in an operating blast site; and 
x Testing the reactivity between the HP-based gel containing inhibitors/stabilisers and the 
rocks containing the defined trigger mechanisms, in order to evaluate the ability of these 
inhibitors/stabilisers to delay or stop reaction. 
 
In the future, clients could potentially adopt a simple contact test similar to the thermal imaging 
contact test conducted in this research project, in order to evaluate the thermal behaviour and 
reactivity between the final crosslinked HP/fuel-based gel product that will be used for on-site 
blasting applications. 
 
Ultimately, the consideration and implementation of the suggested recommendations above 
will see the successful completion of future characterisation studies and research concerning 
the stability of HP/fuel-based explosives in contact with different ground conditions.  
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12.  APPENDICES 
 
12.1  APPENDIX A – MINERAL COMPOSITION OF SAMPLES 
The mineral composition of the rock samples identified using XRD and XRF analysis methods are presented in Table 16. 
 
Table 16. 
Mineral Composition of Rock Samples (Onederra et al, 2017) 
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12.2  APPENDIX B – REACTIVITY SUMMARY OF SAMPLES 
Tables 17 and 18 outline a summary of the rock samples and the inherent composition that 
displayed the lowest reactivity (Level 1) and highest reactivity (Level 5), respectively. 
 
Table 17. 
Level 1 Rock Samples, Composition and Reactivity (Onederra et al, 2017) 
Rock Samples Mineral Composition and Level 1 Reactivity 
RS-001 Pine Mountain Quarry Quartz – 28.4% (SiO2) 
Kaolinite – 6.3% (Al2O3 / SiO2) 
Albite – 45.3% (Na2O / CaO / Al2O3 / SiO2) 
Faujasite – 1.5% (Na2O / CaO / MgO / Al2O3 / SiO2) 
Magnesite – 3.0% (MnO / CO2) 
RS-017 New Acland  Kaolinite – 26.2% (Al2O3 / SiO2) 
Quartz – 46.4% (SiO2) 
RS-018 New Acland  Kaolinite – 25.0% (Al2O3 / SiO2) 
Quartz – 62.8% (SiO2) 
Montmorillonite – 2.8% (Na2O / CaO / Al2O3 / SiO2) 
RS-019 New Acland  Kaolinite – 21.1% (Al2O3 / SiO2) 
Quartz – 26.0% (SiO2) 
Guayanaite – 3.2% (Cr2O3) 
Beryllium – 1.2% 
RS-020 New Acland  Kaolinite – 23.0% (Al2O3 / SiO2) 
Quartz – 55.6% (SiO2) 
RS-021 New Acland  Kaolinite – 20.3% (Al2O3 / SiO2) 
Quartz – 54.2% (SiO2) 
Chlorite - 17.9% ((Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6) 
RS-023 New Acland  Kaolinite – 16.1% (Al2O3 / SiO2) 
Quartz – 76.7% (SiO2) 
RS-029 Curragh Mine  Quartz – 62.9% (SiO2) 
Muscovite – 27.4% (K2O / Al2O3 / SiO2) 
Cronstedtite – 2.9% (Fe2O3 / FeO / SiO2) 
RS-030 Curragh Mine  
 
Kaolinite – 40.9% (Al2O3 / SiO2) 
Quartz – 49.8% (SiO2) 
RS-031 Curragh Mine  
 
Kaolinite – 25.0% (Al2O3 / SiO2) 
Quartz – 62.0% (SiO2) 
RS-032 Curragh Mine  
 
Kaolinite – 15.5% (Al2O3 / SiO2) 
Muscovite – 27.5% (K2O / Al2O3 / SiO2) 
Quartz – 49.9% (SiO2) 
RS-033 Curragh Mine  
 
Kaolinite – 32.6% (Al2O3 / SiO2) 
Quartz – 42.5% (SiO2) 
Calcite – 7.1% (CaO / CO2) 
  
85 
RS-035 New Acland  Kaolinite – 11.1% (Al2O3 / SiO2) 
Quartz – 33.8% (SiO2) 
Mullite – 28.4% (Al2O3 / SiO2) 
SiO2 – 9.9% 
RS-039 New Acland  Kaolinite – 16.1% (Al2O3 / SiO2) 
Muscovite – 27.4% (K2O / Al2O3 / SiO2) 
Quartz – 50.1% (SiO2) 
RS-041 New Acland  Quartz – 87.1% (SiO2) 
RS-042 New Acland  Kaolinite – 17.1% (Al2O3 / SiO2) 
Muscovite – 26.0% (K2O / Al2O3 / SiO2) 
Quartz – 50.7% (SiO2) 
RS-044 Meandu Mine  Kaolinite – 43.6% (Al2O3 / SiO2) 
Quartz – 43.4% (SiO2) 
Montmorillonite – 1.7% (Na2O / CaO / Al2O3 / SiO2) 
RS-048 Meandu Mine  Calcite – 80.9% (CaO / CO2) 
Moganite – 12.7% (SiO2) 
RS-061 Meandu Mine  Kaolinite – 11.1% (Al2O3 / SiO2) 
Illite – 24.8% (K2O / MgO / Al2O3 / FeO / SiO2) 
Quartz – 45.3% (SiO2) 
RS-063 Meandu Mine  Kaolinite – 11.5% (Al2O3 / SiO2) 
Muscovite – 17.6% (K2O / Al2O3 / SiO2) 
Quartz – 60.7% (SiO2) 
Alabandite – 4.6% (MnS) 
RS-068 Meandu Mine  Kaolinite – 14.2% (Al2O3 / SiO2) 
Quartz – 81.0% (SiO2) 
RS-069 Meandu Mine  Quartz – 96.3% (SiO2) 
RS-075 Meandu Mine  
 
Kaolinite – 27.2% (Al2O3 / SiO2) 
Illite – 26.6% (K2O / MgO / Al2O3 / FeO / SiO2) 
Quartz – 38.0% (SiO2) 
RS-083 Meandu Mine  Kaolinite – 35.9% (Al2O3 / SiO2) 
Muscovite – 13.1% (K2O / Al2O3 / SiO2) 
Quartz – 42.4% (SiO2) 
RS-090  Hematite – 34.4% (Fe2O3) 
Goethite – 49.1% (Fe2O3 / H2O) 
RS-091  Qandilite – 42.3% (MgO / TiO3 / MnO / Al2O3 / FeO / SiO2) 
Arsenic / Platinum – 1.7% 
Microcline – 35.9% (K2O / Al2O3 / SiO2) 
RS-092 Iron ore  Magnesite – 28.8% (MnO / CO2) 
Goethite – 42.4% (Fe2O3 / H2O) 
RS-106  Quartz – 79.5% (SiO2) 
Enstatite – 16.2% (MgSiO3) 
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RS-108  Albite – 37.1% (Na2O / CaO / Al2O3 / SiO2) 
Chlorite – 8.0% 
Quartz – 49.6% (SiO2) 
RS-115  Kaolinite – 12.0% (Al2O3 / SiO2) 
Illite – 29.3% (K2O / MgO / Al2O3 / FeO / SiO2) 
Quartz – 53.4% (SiO2) 
RS-135  Albite – 55.9% (Na2O / CaO / Al2O3 / SiO2) 
Hematitie – 0.5% (Fe2O3) 
Augite – 12.2% (Na2O / CaO / MgO / TiO2 / Al2O3 / FeO / 
SiO2) 
Analcime – 6.3% (Na2O / Al2O3 / SiO2) 
Olivine – 5.9% (MgO / FeO / SiO2) 
RS-136  Albite – 54.0% (Na2O / CaO / Al2O3 / SiO2) 
Muscovite – 16.1% (K2O / Al2O3 / SiO2) 
Quartz – 22.9% (SiO2) 
 
Table 18. 
Level 5 Rock Samples, Composition and Reactivity (Onederra et al, 2017) 
Rock Samples Mineral Composition and Level 5 Reactivity 
RS-004 Inglewood Quarry  Quartz – 35.4% (SiO2)  
Albite – 40.8% (Na2O / CaO / Al2O3)  
Magnesite – 6.2% (MnO / CO2)  
Kaolinite – 7.9% (Al2O3 / SiO2)  
Anatase – 0.6% (TiO2)  
RS-008 Inglewood Quarry  Enstatite – 21.7% (MgSiO3)  
Franklinite – 2.8% (Fe2O3 / MnO / Mn2O5 / ZnO / FeO)  
Wairakite – 3.9% (CaO / Al2O3 / SiO2)  
Zirconolite – 40.5% (TiO3 / ZrO2 / CaO)  
Tridymite – 9.3% (SiO2)  
RS-009 Inglewood Quarry  Hedenbergite – 34.6% (CaO / FeO / SiO2)  
Analcime – 10.7% (Na2O / Al2O3 / SiO2)  
Qandilite – 13.7% (MgO / TiO3 / Al2O3 / Fe2O3)  
Innelite – 2.2% (K2O / BaO / Na2O / CaO / MgO / TiO2 / 
SiO2)  
Rhosonite – 4.5% (CaO / MgO / MnO / FeO / SiO2)  
Ulvospinel – 1.0% (TiO2 / FeO)  
Paragonite – 12.0% (Na2O / Al2O3 / SiO2)  
Strontium – 0.9%  
RS-011 Inglewood Quarry  Diopside – 34.7% (CaO / MgO SiO2)  
Analcime – 10.7% (Na2O / Al2O3 / SiO2)  
Enstatite – 9.2% (MgSiO3)  
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Qandilite – 14.0% (MgO / TiO3 / Al2O3 / Fe2O3)  
Graphite – 4.4% (C)  
RS-024 New Acland  Calcite – 4.8% (CaO / CO2)  
Kaolinite – 7.0% (Al2O3 / SiO2)  
Montmorillonite – 1.4% (Na2O / CaO / Al2O3 / SiO2)  
Albite – 54.1% (Na2O / Cao / Al2O3)  
Quartz – 22.1% (SiO2)  
RS-040 New Acland  Calcite – 14.7% (CaO / CO2)  
Montmorillonite – 44.4% (Na2O / CaO / Al2O3 / SiO2)  
Quartz – 12.3% (SiO2)  
Manganese (II) – 9.3% (MnI2) 
RS-056  Pyrite – 78.6 (FeS)  
RS-057 Mining3 Mn samples  Pyrolusite – MnO2  
Rhodochrosite – (MnO2 / CO2)  
RS-094  
Tonalite  
Biotite – 11.3% (K2O / MgO / Al2O3 / FeO / SiO2)  
Quartz – 22.0% (SiO2)  
Clinochlore – 12.5% (MgO / Al2O3 / FeO / SiO2)  
RS-098 JK Pyratitic  Calcite – 14.9% (CaO / CO2)  
Kaolinite – 9.9% (Al2O3 / SiO2)  
Diopside – 14.4% (CaO / MgO SiO2)  
Quartz – 43.0% (SiO2)  
Pyrite – 7.7% (FeS)  
RS-109 Pine Mountain Quarry  Albite – 48.6% (Na2O / Cao / Al2O3)  
Quartz – 39.3% (SiO2)  
Vermiculite – 3.6% (MgO / Al2O3 / FeO / SiO2)  
RS-112 Geochem  Orthoclase – 74.6% (K2O / Al2O3 / SiO2)  
Pyrite – 3.4% (FeS)  
RS-113 Geochem  Muscovite – 11.8% (K2O / Al2O3 / SiO2)  
Pyrite – 3.4% (FeS)  
Sanidine – 70.3% (K2O / Na2O / Al2O3 / SiO2)  
RS-114 Geochem  Orthoclase – 67.9% (K2O / Al2O3 / SiO2)  
Pyrite – 3.3% (FeS)  
Annite – 6.2% (K2O / Al2O3 / FeO / SiO2)  
RS-123 Sample 7 CSE  Siderite – 40.2% (FeO / CO2)  
Illite – 30.0% (K2O / MgO / Al2O3 / FeO / SiO2)  
Quartz – 18.4% (SiO2)  
RS-124 Sample 7 CSE  Dolomite – 20.7% (CaO / MgO / CO2)  
Montmorillonite – 13.9% (Na2O / CaO / Al2O3 / SiO2)  
Muscovite – 31.6% (K2O / Al2O3 / SiO2)  
Clinoenstatite – 18.3% (MgO / SiO2)  
Claudetitie – 2.7% (As2O3)  
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RS-134 Altered mat  Muscovite – 27.3% (K2O / Al2O3 / SiO2)  
Quartz – 68.5% (SiO2)  
RS-139 Marnetite pyrite  Quartz – 68.5% (SiO2)  
Pyrite – 10.1% (FeS)  
Chalcopyrite – 10.1% (FeCuS)  
Cronstedtite – 5.3% (Fe2O3 / FeO / SiO2)  
Bearsite – 18.2% (BeO / As2O5)  
RS-141 Talbot Mine  Siderite – 8.3% (FeO / CO2)  
Kaolinite – 10.9% (Al2O3 / SiO2)  
Muscovite – 15.0% (K2O / Al2O3 / SiO2)  
Quartz – 48.8% (SiO2)  
Magnesiochloritoid – 9.6% (MgO / Al2O3 / SiO2)  
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12.3  APPENDIX C – BREAKDOWN ANALYSIS OF SAMPLES 
12.3.1 Mineral and Elemental Composition of High Reactivity (Level 5) Rock Samples 
Figures 50 to 87 illustrate the mineral and elemental composition of the extremely high reactive 
(Level 5) rock samples. 
 
 
Figure 50. Mineral Composition of RS-056  
 
Figure 51. Elemental Composition of RS-056 (Pyrite)   
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Figure 52. Mineral Composition of RS-094  
 
Figure 53. Elemental Composition of RS-094 (Albite)  
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Figure 54. Elemental Composition of RS-094 (Biotite)  
 
Figure 55. Elemental Composition of RS-094 (Quartz)  
 
Figure 56. Elemental Composition of RS-094 (Clinochlore) 
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Figure 57. Mineral Composition of RS-098  
 
Figure 58. Elemental Composition of RS-098 (Calcite) 
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Figure 59. Elemental Composition of RS-098 (Diopside) 
 
 
Figure 60. Elemental Composition of RS-098 (Quartz)  
 
Figure 61. Elemental Composition of RS-098 (Pyrite) 
19%
11%
26%
44%
RS-098 DIOPSIDE ELEMENTAL COMPOSITION
Calcium Magnesium Silicon Oxygen
47%
53%
RS-098 QUARTZ ELEMENTAL COMPOSITION
Silicon Oxygen
47%
53%
RS-098 PYRITE ELEMENTAL COMPOSITION
Iron Sulfur
  
94 
 
Figure 62. Mineral Composition of RS-113  
 
Figure 63. Elemental Composition of RS-113 (Muscovite)    
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Figure 64. Elemental Composition of RS-113 (Pyrite)  
 
Figure 65. Elemental Composition of RS-113 (Sanidine) 
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Figure 66. Mineral Composition of RS-114  
 
Figure 67. Elemental Composition of RS-114 (Orthoclase)   
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Figure 68. Elemental Composition of RS-114 (Pyrite)  
 
Figure 69. Elemental Composition of RS-114 (Annite)   
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Figure 70. Mineral Composition of RS-123  
 
Figure 71. Elemental Composition of RS-123 (Siderite)    
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Figure 72. Elemental Composition of RS-123 (Illite)  
 
Figure 73. Elemental Composition of RS-123 (Quartz)  
 
Figure 74. Elemental Composition of RS-123 (Fourmarierite) 
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Figure 75. Mineral Composition of RS-139  
 
Figure 76. Elemental Composition of RS-139 (Quartz)  
 
Figure 77. Elemental Composition of RS-139 (Pyrite) 
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Figure 78. Elemental Composition of RS-139 (Chalcopyrite)  
 
Figure 79. Elemental Composition of RS-139 (Cronstedtite)  
 
Figure 80. Elemental Composition of RS-139 (Bearsite) 
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Figure 81. Mineral Composition of RS-146  
 
Figure 82. Elemental Composition of RS-146 (Muscovite)  
 
Figure 83. Elemental Composition of RS-146 (Quartz) 
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Figure 84. Mineral Composition of RS-147  
 
Figure 85. Elemental Composition of RS-147 (Albite)   
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Figure 86. Elemental Composition of RS-147 (Muscovite)  
 
Figure 87. Elemental Composition of RS-147 (Quartz)  
12.3.2 Mineral and Elemental Composition of Low Reactivity (Level 1) Rock Samples 
Figures 88 to 124 illustrate the mineral and elemental composition of the extremely low reactive 
(Level 1) rock samples. 
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Figure 88. Mineral Composition of RS-018  
 
Figure 89. Elemental Composition of RS-018 (Kaolinite)   
Kaolinite
25%
Quartz
63%
Montmorillonite
3%
Global 
amorphous
9%
RS-018 MINERAL COMPOSITION
21%
22%
1%
56%
RS-018 KAOLINITE ELEMENTAL COMPOSITION
Aluminium Silicon Hydrogen Oxygen
  
106 
 
Figure 90. Elemental Composition of RS-018 (Quartz)  
 
Figure 91. Elemental Composition of RS-018 (Montmorillonite)   
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Figure 92. Mineral Composition of RS-033  
 
Figure 93. Elemental Composition of RS-033 (Kaolinite)   
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Figure 94. Elemental Composition of RS-033 (Calcite)  
 
Figure 95. Elemental Composition of RS-033 (Quartz)   
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Figure 96. Mineral Composition of RS-042  
 
Figure 97. Elemental Composition of RS-042 (Muscovite)    
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Figure 98. Elemental Composition of RS-042 (Kaolinite)  
 
Figure 99. Elemental Composition of RS-042 (Quartz)   
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Figure 100. Mineral Composition of RS-068  
 
Figure 101. Elemental Composition of RS-068 (Kaolinite)  
 
Figure 102. Elemental Composition of RS-068 (Quartz) 
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Figure 103. Mineral Composition of RS-075  
 
Figure 104. Elemental Composition of RS-075 (Kaolinite)    
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Figure 105. Elemental Composition of RS-075 (Illite)  
 
Figure 106. Elemental Composition of RS-075 (Quartz)   
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Figure 107. Mineral Composition of RS-083  
 
Figure 108. Elemental Composition of RS-083 (Kaolinite)    
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Figure 109. Elemental Composition of RS-083 (Muscovite)  
 
Figure 110. Elemental Composition of RS-083 (Quartz)   
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Figure 111. Mineral Composition of RS-092  
 
Figure 112. Elemental Composition of RS-092 (Magnesite)  
 
Figure 113. Elemental Composition of RS-092 (Goethite)   
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Figure 114. Mineral Composition of RS-106  
 
Figure 115. Elemental Composition of RS-106 (Quartz)  
 
Figure 116. Elemental Composition of RS-106 (Enstatite) 
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Figure 117. Mineral Composition of RS-107  
 
Figure 118. Elemental Composition of RS-107 (Actinolite)   
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Figure 119. Elemental Composition of RS-107 (Albite)  
 
Figure 120. Elemental Composition of RS-107 (Diopside)  
 
Figure 121. Elemental Composition of RS-107 (Vermiculite) 
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Figure 122. Mineral Composition of RS-121  
 
Figure 123. Elemental Composition of RS-121 (Kaolinite)  
 
Figure 124. Elemental Composition of RS-121 (Quartz)   
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12.4  APPENDIX D – THERMAL IMAGES FROM FLIR ONE 
ANALYSIS TOOL 
12.4.1 Thermal Images of Set 1 
The thermal images captured every 3 minutes over a 45-minute testing period from Set 1 can 
be seen in Figure 125 and 126. 
 
 
Figure 125. Set 1 Thermal Images 
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Figure 126. Set 1 Thermal Images (Continued) 
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12.4.2 Thermal Images of Set 2 
The thermal images captured every 3 minutes over a 45-minute testing period from Set 2 can 
be seen in Figure 127 and 128. 
 
 
Figure 127. Set 2 Thermal Images 
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Figure 128. Set 2 Thermal Images (Continued)   
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12.4.3 Thermal Images of Set 3 
The thermal images captured every 3 minutes over a 45-minute testing period from Set 2 can 
be seen in Figure 129 and 130. 
 
 
Figure 129. Set 3 Thermal Images 
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Figure 130. Set 3 Thermal Images 
 
 
 
